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The observation that molecules substituted with different 
isotopes may react at different rates has been of great value to 
the study of chemical reaction mechanisms. The theory and 
applications of this effect, particularly with isotopes of hydrogen, 
are well described in the literature (1-3), and frequent use is 
made of isotope effects in the study of the mechanism of enzyme 
reactions (4-6). One of the questions that is answered by the 
comparison of isotopically substituted molecules in a chemical 
or enzyme-catalyzed reaction is whether the component step 
concerned with the cleavage of the bond containing the isotope 
is rate-determining for the over-all reaction. For example, it 
was demonstrated recently (4) that in the conversion of dihy- 
droxyacetone phosphate to v-glyceraldehyde-3-P by the enzyme 
triosephosphate isomerase, in which a C—H bond is broken and 
the proton released into the medium, the reaction proceeds at 
about half the rate if deuterium is present in the particular posi- 
tion in the substrate instead of hydrogen. This observation 
provides important information about the meaning of the various 
kinetic constants measured for the isomerase reaction, and 
signifies that any mechanism formulated for the reaction must 
be consistent with the finding that the deprotonation of the 
substrate is slow relative to the other component steps of the 
reaction. By extension of this principle, it should be possible to 
determine whether, in a multi-enzyme sequence of reactions, a 
particular step is rate-limiting, depending upon whether isotope 
substitution at the bond broken in that reaction affects the rate 
of the whole sequence of reactions. For example, it may be 
asked whether in the conversion of glycerol to glycogen in the 
rat, the triosephosphate isomerase reaction is rate-determining. 
Since it is known that the isomerase reaction shows a deuterium 
isotope effect, this question could be approached by the use of 
glycerol containing deuterium which would be in the position 
labilized by isomerase when the glycerol is converted to dihy- 
droxyacetone phosphate in the rat. The glycerol should be 
labeled with C* so that its rate of incorporation into the glycogen 
could be conveniently determined.!_ However, in preparing this 
doubly labeled glycerol, it is necessary that the C“ and deuterium 
be located in the same molecule, intramolecularly doubly labeled; 
otherwise, the C™ will not be a tracer for the deuterated species 
of glycerol. The complications that may arise from the use of a 


* Supported by a grant (A-912) from the National Institutes of 
Health, United States Public Health Service. 

‘Experiments using this approach have been performed. A 
report is in preparation. 


doubly labeled substrate obtained by mixing the two isotopic 
isomers are well illustrated by the work of Rachele et al. (7), and 
by Abeles et al. (6). 

In the present work, this approach has been followed to study 
the so called “hexosemonophosphate pathway,” through which 
the C-1 position of glucose is oxidized to COz (Fig. 1). In this 
pathway, two reactions, those numbered 3a and $a in Fig. 1, 
are concerned with the cleavage of C—H bonds of the glucose. 
This investigation is concerned with a study of the glucose 6- 
phosphate dehydrogenase reaction (Reaction 1) for a possible 


Glucose-6-P + TPN*+ = 6-P-gluconolactone + TPNH + H+ (1) 


isotope effect with substrate containing deuterium in the C-1 
position. A large effect was found under conditions in which 
substrate, coenzyme, and pH were varied over a wide range. 
The conclusion seemed justified that if the dehydrogenase step 
were rate-determining for the conversion of glucose-1-C™ to 
C"QO., this rate should be affected by deuterium substitution for 
hydrogen in the C-1 position of this glucose. With glucose 
doubly labeled intramolecularly, glucose-1-D-C™ (actually a 
mixture of glucose-1-D-C™ and glucose-1-D-C”), and glucose-1- 
H-C* (actually a mixture of glucose-1-H-C™ and glucose-1-H-C”), 
the rates of appearance of radioactivity in the CO2 were compared 
in whole cell suspensions of human erythrocytes and ascites 
tumor cells. 

In the case of the isomerase reaction, cited above, in which the 
hydrogen activated is lost to the medium by dilution with the 
protons of the water (4), the deuterium introduced into the rat 
in the glycerol can have no kinetic effect beyond the isomerase 
reaction. On the other hand, the glucose-6-P dehydrogenase 
reaction is known to result in the transfer of the hydrogen of the 
substrate to TPN (8). In the whole cell, the TPN must be 
regenerated, and if the rate of this process is affected by the 
presence of deuterium in the TPNH, it may not be possible to in- 
terpret unambiguously the appearance of an isotope effect in the 
over-all process. As will be discussed in detail, the use of inter- 
molecularly doubly labeled glucose, formed by mixing glucose-1- 
H-C* with glucose-1-D-C”, may give results quite different from 
those obtained with glucose-1-D-C™. This difference will be 
referred to as the isotope discrimination effect and will be shown 
to be of some value in determining the location of the rate- 
determining step. A preliminary report of this work has been 
published (9). 
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genase studies, the normal and deuterated species were treated 
Glucose-1-D used in early experiments was a gift of Dr. Henry 
Hoberman. That used in all experiments for which data are 
presented was synthesized from pD-glucono-é-lactone by Na-Hg 
reduction (10) in D.O. For the preparation of glucose-1-D-C™ seein - moles), Mg** (5 umoles), ADP (1 umole), 
gluconic acid-1-C™ from Nuclear-Chicago Corporation was first 
lactonized (10). The oxalic acid used in the reduction medium (Cl umn by eluting 
was exchanged with D2O by successive evaporations from D,O to with 0.05 N : HCl. Similar siteos aie of g ucose-6-P from 
assure the highest possible enrichment of the reduction product glucose-1-T did not lose tritium during the preparation or storage 
formed in water of 99.5 atom per cent. Yields of glucose varied in dilute acid in the frozen state. Thus, although direct deu- 
from 10 to 50% of the bites mpdialiien d pr samen meee terium analyses were not performed on the product, it may be 
correct meltin : oint (114-146°). An isotope dilution experi concluded that no loss of deuterium would have occurred in the ~ 
glucose. Equal samples of glucose-1-C™ were added to solutions of the deuterated product used in the subsequent experiments. é 
containing equal weights of glucose-1-D or of glucose (Mallin- omy 
ckrodt). The two solutions were treated with hexokinase for products of Sigma Chemical Company and Boehringer and Son 
the of on The radj and were essentially free of 6-phosphogluconic acid dehydrogen- 
enzyme preparation from Escherichia coli was made 
activity and the content of glucose-6-P as determined with the 
according to the procedure of Scott and Cohen (12) and was 10 
times as active with glucose-6-P as with 6-phosphogluconate at 


EXPERIMENTAL PROCEDURE 


within 3%. The synthesized materials were pure by the re pH 7. For the enayme from human erythrocytes; the sume 
ducing sugar test (11); however, the much more specific assay ; , 
natant solution from a hemolysate was fractionated and re- 
with glucose oxidase coupled to the peroxidative oxidation ; ; 
aa ad ; % ,, fractionated with ammonium sulfate (30 to 50% and 25 to 40% 
of the dye, o-dianisidine (Worthington Biochemicals “glucostat ' : 
; ; ae of saturation, respectively). The most active fraction contained 
assay) did not suggest high purity even after recrystallization. 05% 
The oxidase rate was found to be 2.8 times faster with the normal PS i i te Sie 
om The routine assay of the dehydrogenase was conducted in a 1.0- t 
concentration. This is assumed to be due to a strong isotope Si ‘ ss 0 
a = ml volume containing triethanolamine-Cl- (100 umoles, pH 7.0), 
effect.2,. Withtheuse of large amounts of the “glucostat” reagents a 
glucose-6-P (1 MgCl. (5 wmoles), and TPN (0.3 umole). 
and long incubation times, closer agreement for quatitative r: 
Reduction of TPN was followed at 340 my at 25°. A unit of ac- 
assay of glucose-1-D and glucose could be obtained, but a dif- |... . ; ; ‘ if 
: ee tivity is that which gives rise to 1 umole of TPNH in 1 minute. 
ference of 5% remained. This again is attributed to the high ; k 
. ' : Glutathione reductase from yeast was a gift of Dr. E. Racker. 
isotope effect and the very high Michaelis constant (K,,) of the ‘ The 
oxidase for glucose, thus making the approach to quantitative It was free of 
ne PP q procedure of Grunert and Phillips (13) for the determination of 


In the preparation of the substrates for glucose-6-P dehydro- bowed, the Chat tr 


Human red blood cells were prepared from blood collected in 
heparin or citrate by centrifugation and five to six washings with 


2 Similar findings were obtained earlier by Dr. Henry Hober- 
man. 
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cold 0.9% NaCl were carried out. Care was taken to discard 
the upper surface of the packed cell volume. The packed cells 
were finally suspended in an equal volume of the phosphate-salt 
solution used by Nossel (14) and used immediately. 

Ehrlich ascites tumor cells and leukemic lymphoblasts (L- 
5178 Y) were obtained from DBA/2 mice 6 to 7 days after inocu- 
lation. The cell suspension was centrifuged at very low speeds 
(less than 100 X g) at room temperature to separate the tumor 
cells from the lighter blood cells present in the fluid. Further 
purification was effected by several washings at room tempera- 
ture with an incubation medium of the following composition 
(in ymoles per ml): Tris buffer, pH 7.4, 10; NaCl, 88; KCl, 20; 
MgCh, 2; and potassium phosphate, 4 (15). The cells, finally 
suspended in this medium, were essentially colorless. They 
were preincubated at room temperature for 30 minutes to deplete 
them of oxidizable substrates, centrifuged, resuspended, and 
used immediately. The amount of cellular material added to 
each reaction flask was established in terms of protein determined 
by the biuret reaction (16). 

The whole cell incubations were performed aerobically in 
conventional 15-ml Warburg flasks which contained 0.2 ml of 
10% NaOH in the center well and perchloric acid in the side 
arm. Incubations were carried out with shaking at 37° for the 
designated time, after which the acid was tipped into the main 
chamber of the flask, and shaking was continued for 15 minutes 
longer. The contents of the center well were immediately re- 
moved for the counting of radioactivity. In the leukemic cell 
experiment, the acid-soluble fraction obtained from several 
washes of the precipitated material was freed of ClO, with 
KOH, and placed on a column of Dowex 1 (formate form). 
Lactic acid was eluted immediately with 4 N formic acid. The 
fraction obtained was twice evaporated to dryness, in a vacuum, 
and finally analyzed for radioactivity and content of lactate (17). 

Tritium and C™ determinations were made by liquid scintil- 
lation counting (18) at an absolute counting efficiency of 4%. 


RESULTS 


Isotope Effect with Glucose-6-P Dehydrogenase—In Fig. 2 are 
shown typical results obtained with the yeast enzyme at pH 8 
in which TPN is held at a concentration much higher than its 
K,, (0.012 mm) and in which the concentration of glucose-6-P is 
varied. From the double reciprocal plots are calculated K» 
values of 0.043 and 0.034 mm for the normal and deuterated forms 
of glucose-6-P, and it will be noted that with the normal species, 
twice the maximal velocity would be attained. These data are 
typical of results obtained with the yeast enzyme over a broad 
range of pH values as shown in Table I. From Table I it may 
be concluded that over the whole pH range, a rather constant 
isotope effect is observed in both the Km and Vmax. The fact 
that the effect of isotope substitution on the K,, is not as great as 
on Vmax (about 1.4 as compared to 2.1) would mean that even 
at exceedingly low substrate concentrations, a difference in the 
rates of reaction of the two substrate types would be observed. 
Under these conditions, the rate equation reduces to the form: 


V maxS 


so that the relative rate for the two substrates at equal concen- 
trations approaches as a limit the value 
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Fig. 2. Velocity of glucose-6-P dehydrogenase with varying 
substrate concentration under conditions of TPN excess (0.3 mm). 
The conditions are those given in Table I for the yeast enzyme, 
pH 8.0. Deuterated (——) or normal (---—) substrates were 
tested at 30, 50, 100, and 200 um. The K,, values derived from 
the double reciprocal plot on the right are designated by the 
vertical lines in the plot on the left. Velocities are given in ab- 
sorbancy changes per minute at 340 mu. 


TABLE I 
Isotope effects on Km and Vmaz with 1-deutero glucose-6-P 


All incubations were performed with about 0.005 unit of enzyme 
under the standard assay conditions modified to contain 100 
umoles of buffer of pH as noted and either species of glucose-6-P 
at varying concentrations for the determination of their K,, val- 
ues. ‘‘Relative Vy’’ is the ratio of the determined V,,.,, for the 
normal substrate to the velocity obtained in the standard assay 
at pH 7.0. Ku, Kp, Vu, and Vp are the Kp, and Vmax values 
obtained for the normal and deuterated substrates. 


Enzyme source pH Ku Kp tive ve 
Yeast 5.9* | 0.024 | 0.016 | 1.5 | 0.93 | 2.0 1.3 
7.0T | 0.053 | 0.0387 | 1.4; 1.0 | 2.0 1.4 
8.0 | 0.043 | 0.0384 | 1.3) 1.2 | 2.1 1.6 
9.0 | 0.089 | 0.069 | 1.3) 1.2 | 2.1 1.6 
9.4f 0.40 | 0.24 1.71,1.9 | 2.4 1.4 
E. coli 6.97 | 0.15 | 0.08 1.9/;1.0 | 2.7 1.4 
Red cells 7.07 | 0.073 | 0.042 | 1.7 | 1.0 | 2.4 1.4 


* Cacodylate buffer. 
t Triethanolamine buffer. 
t Glycine buffer. 


shown in the last column of Table I. Similar results are shown 
for the enzyme from E. coli and human red cells. 

To investigate the kinetics of the dehydrogenase reaction at 
concentrations of TPN in the region of its K,,, it is necessary to 
include in the incubation a system for rapidly reoxidizing the 
TPNH in order to maintain the TPN at the initial concentra- 
tion during the period of the reaction. To accomplish this, 
oxidized glutathione and glutathione reductase were added. 
The amount of the reductase was large compared with that of 
the dehydrogenase present. In this way, the linked reactions 
(Equation 2) served as a means of determining the rate of the 
dehydrogenase step by measuring the appearance of sulfhydryl 
groups. In Table II are given rate data for experiments at 
four concentrations of TPN in which glucose-6-P, normal or 1-D, 


Glucose-6-P + TPN*+ — 6-P-gluconolactone + TPNH + H* (2) 
TPNH + GSSG + Ht — TPN* + 2 GSH 
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TABLE II 
Isotope effects at varying TPN concentrations 


Each incubation contained (in wmoles per ml): Triethanolamine 
buffer pH 7.0, 100; ethylenediaminetetraacetate, 10; 1 mg of bo- 
vine serum albumin; MgCl», 5; oxidized glutathione, 8.5; normal 
or deuterated glucose-6-P, 0.8; and TPN at the concentrations 
noted. At 0 time were added enough glutathione reductase to 
oxidize 1 ymole of TPNH per minute per ml of incubation and the 
noted amount of glucose-6-P dehydrogenase. Samples (0.2 ml) 
were removed at 0, 5, 10, and 15 minutes, placed in metaphosphoric 
acid, and analyzed for —SH. The velocities are given in terms 
of absorbancy change per minute at 540my. Under the conditions 
of the -SH group assay, glutathione gave rise to an absorbancy 


of 0.33 per 0.1 umole. 


Enzyme TPN | | 7D | 

units/ml uM AO.D./min | AO.D./min. | 

0.045 1.5 0.0173 | 0.0083 2.08 

0.014 10 0.031 | 0.0167 1.85 

0.014 | 30 0.048 — 0.023 2.09 

0.014 | 100 0.054 | 0.028 1.93 
TABLE III 


Isotope effects on CO2 formation from 1-deutero 
glucose with tumor cells 
The main chamber of the Warburg vessel contained: 1.0 ml of 
cell suspension (3.9 mg of protein for the leukemia cells and 4.5 
mg for the Ehrlich cells), plus 10 umoles of one of the three glucose 
mixtures noted at approximately 45,000 c.p.m. per umole. Final 
volume,1.2ml. Incubation at 37° was for 100 minutes. 


C4 in center well 
Composition of glucose mixture 
Leukemia cells Ehriich cells 
c.p.m. c.p.m. |‘‘umole’’* 
1 C¥4-H:C!-H, 1:25,000 12,392 | 0.275 | 3,654 | 0.080 
2 | C4-D:C!2-D, 1:25,000 10,852 0.248 | 3,292 | 0.075 
3 | C4-H:C?-H:C-D, 20,114 0.433 6,242 | 0.131 
1:250:25,000 | | | 


* Calculated from the c.p.m. in the center well divided by the 
specific activity of the glucose of the medium. 


is kept at 0.8 mM, or about 20 times the half-saturating concen- 
tration. At all TPN concentrations, the normal substrate 
reacts about twice as rapidly. This is true of the velocity at 
“saturation” as well as that at one-tenth the K,, of TPN. The 
Km value of TPN when calculated from these data was 0.012 
mM with both kinds of glucose-6-P. 

Use of Isotope Effect in Whole Cell Experiments—Since it 
has been demonstrated that a considerable isotope effect exists 
over a wide range of pH values, TPN concentrations, and 
glucose-6-P concentrations, one may suggest the use of glucose-1- 
D in comparison with glucose-1-H to determine whether the 
dehydrogenase is rate-limiting for the formation of CO, from the 
1-position of glucose in the intact cell. In order to avoid the 


complications that would arise if much of the CO, derived from 
the glucose has come through the oxidation of lactate, cells were 
chosen which normally do not oxidize lactate readily. Thus the 
rate of formation of CO, from the C-1 and C-6 positions of glu- 
cose was found to be in the ratio of 2.5 for the leukemic cells and 
3.9 for the Ehrlich ascites cells and is known to be much higher 
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for mature erythrocytes (19). For these systems, the major 
extent of conversion of C-1 to COz would proceed over a path 
such as that shown in Fig. 1. Here at least five steps are shown 
connecting free intermediates; two before and two after the 
glucose-6-P dehydrogenase reaction. These may not be all the 
kinetically significant steps involved, but it will be the purpose 
of this study to determine only whether the slow step precedes, 
follows, or is the reaction catalyzed by glucose-6-P dehydrogen- 
ase. Certainly the combined action of phosphoglucose isom- 
erase, transaldolase, and transketolase produces side products 
which lead to some redistribution of C™“ and deuterium to other 
positions in the glucose-6-P molecule. These reactions would 
not involve C—D bond cleavages and therefore would not result 
in loss of deuterium or discrimination between different isotopic 
species present in a mixture. Furthermore, C™ that has been 
redistributed in this manner cannot give rise to CO. with- 


out first appearing in the C-1 position of glucose-6-P, so that 


the rate of these side reactions may alter the rate of appearance 
of COs, but should not affect the comparative rate between 
normal and deuterated glucose. Unfortunately, with the cells 
studied, one cannot specify the paths of reoxidation of TPNH. 
These are therefore symbolized as Reactions 3b and 5b in which 
the unknown oxidant, X, is not necessarily the same compound 
for each reaction. Hydrogen transferred in Reaction 3a is 
found in reduced TPN (8). Thus if Step 3 were the rate- 
determining step for the oxidation of glucose, its rate would be 
altered by isotope substitution, not only because of the isotope 
effect of the glucose-6-P dehydrogenase reaction, but also because 
of any effect that might arise in Reaction 3b, as well. If the 
TPNH formed by Reaction 3a mixes with that formed by 
Reaction 5a, and if the rate of Reaction 5b is affected by deu- 
terium substitution in the TPNH, an isotope effect in the over- 
all pathway would be observed if Step 5 were rate-limiting. 

In Table III are given data for the counts trapped in the center 
well alkali after incubating normal or deuterated glucose-1-C™ 
(Experiments 1 and 2) with leukemic or Ehrlich ascites cells. If 
one assumes that there is no isotope effect caused by C%, ve. if 
C" is a perfect tracer for C™, then the rate of C-1 conversion to 
CO: may be calculated from the specific activity of the glucose 
and the radioactivity in the center well. The isotope effect on 
this rate (8 to 11%) is below the 30 to 60% value expected from 
Table I as a lower limit if Step 3 were clearly the slowest step in 
the pathway. The results of Experiment 3, with intermolecu- 
larly doubly labeled glucose-1-D-C™, may at first seem incon- 
sistent with the results of the first two experiments. However, 
in this experiment the radioactivity in the center well is not 4 
true measure of the number of umoles of C-1 oxidized to CO,, 
since C" in this experiment is a perfect tracer for the glucose-1-H- 
C” which is a small fraction of the total glucose. The concen- 
trations of the three forms, C4-H, C”-H, and C-D, are in the 
relation 1:250:25,000. Thus the true amount of CO, formed 
from C-1 would be that found in Experiment 2, with the deu- 
terated substrate. Therefore, these data lead to the conclusion 
that when the normal species and deuterated species of glucose 
in mixture are presented to these tumor cells, the normal species 
is utilized at about 1.75 times the rate of the deuterated form. 
An isotope discrimination effect approaching this magnitude 
would be predicted from the kinetic data given in Table I and 
the kinetics of an enzyme acting competitively on two substrates, 
as seen from the following development. In the case in which 
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two forms of the substrate, designated S and S’, are presented 
together to an enzyme, EF, the competitive reactions formally 
described in Equation 3 occur. The rates of product formation 


(3) 


in the forward direction, v and v’, are k,-(ES) and k,’-(ES’). 
The concentrations of the enzyme-substrate complexes are 
derived from the assumption that they are time-independent: 


GES) — (ka + ke(ES) = 0 
= = k’,(E)(S’) — (k’.1 + k’2)(ES’) = 0 
and so- 
(ES) + ke Ku» ko 
and 
— _ (SOE) _ 


+ k’s k’s 


The ratio of the rates of reaction of the two substrates is then 
given by 
v’ (Km) max(S’) (Km) 


 Vmax(S)(K'm) (4) 


in which Vmax is the maximal velocity attained with pure S, 
Vmax = ke (E total), and V’nax is the maximal velocity attained 
with pure S’, Vmax = k’2(E total). A similar equation relating 
the competitive rates of a deuterated and normal substrate has 
been given by Abeles et al. (6). To apply this equation to a 
whole cell experiment in which the substrates for the enzyme are 
generated from a mixture of deuterated and hydrogen-containing 
precursors, it is assumed that no selection occurs between the 
forms of the precursor before presentation to the enzyme; 
specifically concerning Experiment 3 in Table III, it is assumed 
that the molar ratio of the two forms of glucose-6-P is the same 
as that of the glucose from which it is derived in the cell. This 
is a reasonable assumption, since the intervening reactions are 
not expected to involve cleavage of the C—H bond in question. 
In Experiment 3 with deuterated plus normal forms of glucose, 
the normal species, which is the minor and radioactive component 
of the mixture, produced CO: from the C-1 position at a rate 
given by the expression: 


in which p = counts in the product, CO; 7’ = total radioactivity 
in the experiment; (S’) = amount of the normal species; and 
t = time of incubation. The rate of conversion of the major, 
deuterated component of the mixture is obtained directly from 
Experiment 2 by a comparable expression in which the same 


T 
v= 
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amount of radioactivity, T, is present as in Experiment 3 and 
also the same amount of glucose, since the minor component is 
only about 1% of the total glucose in Experiment 3. The ratio 
of the two rates is then given by: 

yp’ p’( S’) 


p(s) ©) 


Combining Equations 4 and 5 results in the final expression: 


p’ max( Km) 
Pp V max(K'm) 


This ratio, which is a measure of the preferential utilization of 
the normal species when in the presence of an excess of the 
deuterated species, is seen to be independent of the ratio of the 
two components and determined solely by the kinetic constants 
of the enzyme for the two substrates. 

If the results of Table III indicate that the dehydrogenase 
reaction and, indeed, Step 3 as a whole is not a major factor in 
determining the rate of the pathway in these tumor cells, the 
observation of the isotope discrimination effect in Experiment 3 
may permit one to conclude whether the slow step precedes or 
follows Step 3. Consider the reaction sequence in Equation 6 in 
which the unprimed letters represent the nonradioactive species 


1 2 3 
A’'H == CH 


X XH 
AD = 


(6) 


X XD 


which arise from deuterated glucose (AD) and the primed letters 
represent the C-tagged species arising from normal glucose 
(A’H). If AD and A’H are fed into this system as a mixture in 
which (4’H) <« (AD), the ratio A’H/AD may be considered 
to represent the specific activity of the starting reactant, glucose. 
This ratio should be maintained in Steps 1 and 2 which do 
not involve deuterium, B’H/BD = A’H/AD = C’H/CD. If 
Step 1 were slow, and therefore its product completely converted 
to p’ and p, there would not be discrimination, p’/p = A’H/AD. 
Rate limitation in Step 2 would present the same picture. If 
Step 3 were rate-determining and therefore could be considered 
irreversible since the following reactions, leading to product, 
must then be fast, the ratio W’/W would be greater than C’H/ 
CD and, therefore, p’/p > A’H/AD. If Step 4 were slow, the 
products of Step 3 would have ample time to react with XD, 
XH being negligible by comparison, so that.the substrate of 
Step 3 would tend to become a mixture of C’-D and C-D with 
continuing interconversions and there would be no discrimination 
possible. In the event that XD rapidly exchanged with the 
medium protons, the composition of the substrate would become 
a mixture of C’H and C—H, and again no discrimination would 
be found in the eventual product. If Step 5 were slow, the re- 
sult would be the same unless Step 4 were fast and irreversible, 
thus assuring the virtual irreversibility of Step 3. In this case, 
discrimination would be maintained in the ratio W’/W = Y’/Y > 
A'H/AD, and in the eventual product. Thus, if Step 3 is 
not rate-determining, isotope discrimination would occur only 
when succeeding steps are slow, although this is not a sufficient 
condition for discrimination unless Step 3 itself is irreversible. 
From this discussion it must follow that in the cells studied, 
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the rate-controlling steps of the hexosemonophosphate pathway 
occur after the glucose-6-P dehydrogenase step. 

A determination of lactate in the incubations of the leukemic 
cells with the three kinds of glucose indicated that the same 
amount was formed in each case, 2.62, 2.56, and 2.52 ywmoles. 
This was to be expected if the isotopically different glucose solu- 
tions were otherwise identical, since there should be no cleavage 
of the 1—C-——H bond of glucose in glycolysis. However, the 
radioactivity in the lactate of Experiment 3 was significantly less 
than in the others, 1.08 compared to 1.21 and 1.21 “umoles.” The 
lower specific activity of the lactate is a reflection of the preferen- 
tial oxidation of the C4-H species of glucose-6-P, thus resulting 
in a pool of glucose-6-P of lower specific activity. This must 
mean that the glucose-6-P which is in the hexose monophosphate 
pathway is either the same as that in the glycolytic pathway, or 
that if the pools are separate, they must be kinetically indis- 
tinguishable under these conditions (Step 2b, Fig. 1; rapid). 

In Table IV are shown data for a similar experiment with 
human erythrocytes. In the absence of methylene blue, CO. 
production is very low. It is evident that there is a strong 
isotope effect such that the oxidation of normal glucose occurs at 
1.6 times the rate found with glucose-1-D. Thus the rate- 
determining step must be concerned with the cleavage of a C—H 
bond in which the H is derived either directly from the C-1 of 
glucose, Step 3, or from the reduced TPN formed in that step; 
that is, Step 5 could be rate-limiting if the TPNH in that step 
mixed with the TPN-D, and hence, its reoxidation rate could be 
affected. The result of Experiment 3 in comparison with 
Experiment 2 indicates isotope discrimination to the extent of 
1.3. This would be consistent with rate limitation at Step 3, 
and actually would be required. It is consistent also with rate 
limitation at Step 5 in the particular case that Step 5b shows an 
isotope effect with TPN-D, and either Step 3 is irreversible or 
Step 4 is fast and irreversible. A test of whether Step 5 is rate- 
determining can be made through the use of glucose-3-D in 
experiments similar to these. 

In the presence of methylene blue, the isotope effect becomes 
very small, indicating that at this higher rate, the dehydro- 


TABLE IV 
Isotope effects on CO2 production in erythrocytes 
A: 1.5 ml of cells and 10 wmoles of one of the glucose mixtures 
in 1.7-ml final volume. Incubation for 65 minutes. B: 1.0 ml of 
cells, 5 wumoles of the noted glucose mixture, and methylene blue, 
0.08%, in 1.2-ml final volume. Incubation for 20 or 45 minutes. 
The glucose mixtures had about 45,000 ¢.p.m. per umole. 


C™ in center well 
B: With 
Experiment Composition of glucose mixture A: No methylene 
methylene lue 
ue 
20 min | 45 min 
c.p.m | “‘mpmoles’’* 
1 C4-H:C!2-H, 1:25,000 1610 36 290 | 670 
2 C4-D:C?-D, 1:25,000 964 22 279 | 625 
3 C4-H:C!2-H:C!2-D, 1:250: | 1326 29 270 | 610 
25 ,000 


* Calculated from the c.p.m. in the center well divided by the 
specific activity of the glucose of the medium. 


Use of Isotope Effects in Metabolic Control Studies. I 


genase step does not limit the breakdown of glucose. The 
fact that the isotope discrimination effect does not occur, even 
after a longer incubation period is allowed, is consistent with 
this conclusion. As pointed out earlier, the absence of a dis- 
crimination effect does not allow one to conclude that rate limi- 
tation precedes or follows the C—H bond-breaking step. 

Similar experiments with the leukemic cells in the presence of 
methylene blue gave similar results. Thus no isotope effect was 
observed and no enrichment of C™ in the CO, was obtained with 
the intermolecularly labeled glucose, contrary to the result with- 
out methylene blue. In the presence of dye, the rate of appear- 
ance of radioactivity in CO2 was increased 25- to 3-fold. 


DISCUSSION 


Beyond its relation to the present study, the isotope effect 
observed in the kinetics of glucose-6-P dehydrogenase clearly 
points to the step in which hydrogen is transferred as the rate- 
limiting one under conditions of excess reactants. Thus, product 
dissociation and whatever conformational changes the protein 
must undergo subsequent to hydrogen transfer must be relatively 
rapid reactions. 

In order to be assured that an isotope effect found in a par- 
ticular enzyme reaction would be a promising tool for the study 
of metabolic control, it is clearly necessary to examine the kinetics 
of the reaction carefully and to be able to specify the conditions 
under which the effect can be expected. In the very complete 
study of Mahler and Douglas (5) on isotope effects in the alcohol 
dehydrogenase reaction, it was observed that the A,, of normal 
ethanol is 2.3 times greater than that of ethanol-1-D, whereas 
the Vmax is only 1.8 times greater. This must mean that under 
conditions of very low ethanol concentration, the deuterated 
species would actually produce acetaldehyde more rapidly than 
a comparable amount of normal substrate, and would therefore 
impose a severe handicap in the use of this isotope effect in studies 
in vivo. The present study on glucose-6-P dehydrogenase covers 
the range of conditions in which either substrate or TPN is at 
high concentration and the other at very low concentration, but 
it does not give conclusive evidence that the isotope effect would 
occur when both components were present in exceedingly small 
amounts. The fact that the isotope effect appears to be com- 
pletely independent of TPN concentration would strongly suggest 
that this would be the case. 

It has been considered likely for both ascites tumor cells (20) 
and for mature erythrocytes (19) that the steps controlling glu- 
cose oxidation were those involved in TPNH oxidation. The 
basis for this is that C-1 oxidation to CO2 and oxygen uptake 
with glucose are greatly stimulated by the addition of methylene 
blue to the cell suspensions. The present studies do not con- 
tradict this conclusion. However, in the two tumor cells 
studied, the TPNH oxidation coupled with glucose-6-P dehy- 
drogenase cannot be completely rate-controlling, although that 
coupled with 6-P-gluconate dehydrogenase may be. 

In the case of the red cell for which methylene blue addition 
results in a stimulation of O» uptake that is often 40-fold, the 
conclusion that TPNH oxidation is rate-limiting seems strong. 
The present data are consistent with this hypothesis, since limited 
TPNH oxidation could cause Step 3 or 5 to be rate-determining. 
It would seem, however, that effects resulting from the addition 
to whole cells of compounds such as dinitrophenol and methylene 
blue, which may give rise to far reaching changes in the state 
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of the cell, may not be associated specifically with one particular 
metabolic step. It is perhaps the major advantage of the present 
approach to metabolic rate studies that isotope substitution 
may be expected to modify the steady state of the cell in minor 


and very specific ways. 


SUMMARY 


1. A comparison was made of the kinetics of the glucose 6- 
phosphate dehydrogenase reaction with the enzyme of yeast 
acting on normal substrate or substrate substituted with deu- 
terium on C-1. The deuterated substrate was found to react 
more slowly at all concentrations and over a pH range of 6 to 
9.5. At high levels of triphosphopyridine nucleotide (TPN), 
the Michaelis constant (AK,,) of the normal substrate was 1.3 to 
1.6 larger and the Vmax was twice as large as that of the deu- 
terated species. At high levels of glucose 6-phosphate, the K,, 
of TPN was independent of the species of substrate used, but 
the rate with the normal species was twice as rapid at all 
concentrations of TPN. Similar results were obtained with 
dehydrogenase preparations from Escherichia colt and human 
erythrocytes. 

2. With ascites tumor cells, glucose-1-C“-D was metabolized 
to C4O, at about the same rate as the C™-H species of glucose. 
Thus, the reaction catalyzed by glucose 6-phosphate dehydro- 
genase must not be a rate-limiting step in the metabolic sequence. 
This must also be true for the step or steps responsible for the 
reoxidation of TPNH to TPN for this dehydrogenase step. 

3. Similar studies with human red cells indicated a 60% more 
rapid rate with the normal species of glucose than with glucose- 
1-D. Thus, the controlling step must involve cleavage of a 
C—H bond, the H of which is derived from C-1 of glucose. In 
the presence of methylene blue, no isotope effect was observed. 

4. With intermolecularly doubly labeled glucose, entirely 
different results were obtained. These were explained by an 
isotope discrimination effect in the glucose 6-phosphate dehy- 
drogenase reaction. This effect was found to be of value in 
estimating the location of the rate-controlling step. Thus, in 
the case of the tumor cells, it could be concluded that the rate- 
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limiting step followed the glucose 6-phosphate dehydrogenase 
step. 
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It has long been recognized that carbohydrate metabolism 
undergoes some changes after fasting or after modifications in 
the diet (2, 3). It has also been demonstrated that several 
alterations occur in the metabolism of carbohydrates in tissues 
isolated from animals subjected to such conditions (4-8). The 
possibility that these changes are the result of a new balance of 
enzyme systems produced through selective modifications in the 
enzyme content of the cell has stimulated research in this direc- 
tion. There are several reports on the influence of fasting on 
the content of some of the liver enzymes directly concerned with 
carbohydrate metabolism (9-15). In this paper it is shown that 
the phosphorylase activity of rat liver decreases after fasting 
and that the activity is recovered by refeeding, the rate of re- 
covery being proportional to the length of the previous fast. 


EXPERIMENTAL PROCEDURE 


Three- or four-month-old albino rats from the Institute colony 
were used. Groups of animals were fasted for 1, 2, 3, or 4 days 
before being killed. Other groups were fasted for the same 
periods, but were again placed on the control diet for 1 to 4 days 
before they were killed. Normally fed rats were used as controls. 
As far as possible, litter mates were distributed in each group 
and rats from different groups were killed at the same time for 
enzyme assay in order to prevent any selective influence on par- 
ticular groups. In starvation periods, water was given ad libi- 
tum. The composition of the pellets used as the standard diet 
was as follows: water, 13.2%; proteins (NV X 6.25), 15.7%; lipids, 
4.5%; carbohydrates, 65.39%; unaccounted for, 1.3%. 

The animals were anesthesized by an intraperitoneal injection 
of sodium nembutal at a dose of 40 mg per kg of body weight. 
After 5 minutes the animals were decapitated and exsanguinated. 
The livers were removed, placed in cracked ice, and then weighed 
after blotting on filter paper. A portion of the large lobe was 
taken for glycogen determination (16) and another portion from 
the same lobe to prepare a 10° homogenate in chilled 0.15 mM 
KF. Fluoride was selected as the homogenization medium in 
order to control the inactivating enzyme (17) as soon as possible. 
The homogenization must be performed immediately after the 
extraction of the liver to prevent loss of activity. However, 
the homogenate prepared in fluoride can be stored in ice for at 
least 2 hours or frozen for at least 24 hours without any delete- 
rious effect. Whole homogenates were used for the assay, since 
variable amounts of phosphorylase were removed by centrifuga- 


* A portion of this work was presented at the 21st International 
Congress of Physiological Sciences, Buenos Aires, 1959 (1). 


tion together with “particulate glycogen,’”’ possibly as an en- 
zyme-substrate complex (18). 

Phosphorylase activity was determined by measuring the 
orthophosphate released from glucose 1-phosphate (19). The 
substrate was used at a final concentration of 0.022 mM, with other 
conditions adjusted to have a decomposition of no more than 
10°% during the assay, in order to obtain zero order kinetics. 
The addition of AMP did not produce any measurable stimula- 
tion of phosphorylase activity. Notwithstanding, it was in- 
cluded in the incubation mixture, because of the possibility of 
some effect under any of the conditions to which the animals 
were subjected and because it activates purified liver phosphoryl- 
ase (20). The maximal activity of the whole homogenate was 
at pH 6.0, instead of 6.4 which is the optimum for the purified 
enzyme (20). Blanks without glucose 1-phosphate showed no 
measurable liberation of inorganic phosphate from other sources. 
The final concentration of fluoride used was sufficient to inhibit 
phosphoglucomutase, since no detectable reducing substances 
appeared during the assay. , 

The routine procedure for phosphorylase assay was as follows. 
A stock solution was prepared containing 0.025 m glucose 1- 
phosphate pH 6.0, 0.067 m citrate buffer pH 6.0, 0.075 m KF, 
0.0025 m AMP, and 1% glycogen. 
this mixture for 2 minutes at 30°, 0.2 ml of the liver homogenate 


was added and immediately a 0.5-ml aliquot was withdrawn | 


and poured into chilled 10% trichloroacetic acid. After exactly 
5 minutes, another 0.5-ml aliquot was taken. The trichloroace- 
tic acid extracts were kept in ice for about 5 minutes, then diluted 
with water, centrifugated, and inorganic phosphate determined 
in an aliquot (21). Every enzyme assay was run in duplicate, 
although agreement between duplicates was almost perfect. 
One unit of phosphorylase was defined as the amount of enzyme 
that releases 1 umole of inorganic phosphate in 5 minutes at 30°. 
Glucose 1-phosphate, dipotassium salt, was a commercial 
preparation from Sigma Chemical Company. Glycogen was 
prepared from trichloroacetic acid extracts of rat liver. 


RESULTS 


Effect of Fasting—Different criteria have been applied to 
evaluate the influence of starvation and other dietary conditions 
on the enzymatic content of tissues (11). Especially in the case 
of the liver, one has to consider extensive changes in chemical 
composition that occur during fasting (22). In this paper, the 
results are expressed in terms of total units of phosphorylase 
present in the liver adjusted to 100 g of initial body weight, 1. 
the weight before fasting. With this procedure, a common 
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standard of comparison is used under all conditions. The the- 
oretical growth of the animal during the experimental days is 
not considered, but is not an important source of error. The 
reference to actual body weight at the moment the animals were 
killed does not modify the conclusions substantially. 

Table I shows that liver phosphorylase decreased progressively 
after fasting to about 40% of the normal value at the end of 3 
Prolongation of the fasting to 4 days did not produce a 
further decrease in the enzyme activity. 

Effect of Feeding after Fasting—When the animals were re- 
placed on standard diet after an interval of fasting, the phos- 
phorylase activity reversed to normal values in a period that 
approximated the length of fasting (Fig. 1). 

Liver Glycogen Levels—Glycogen concentrations in the liver 
of rats that were fed after a period of fasting were higher than 
in normally fed rats, thus confirming previous observations 
(14, 23). The high levels were maintained as long as phos- 
phorylase activities were low (Fig. 2). 

Glycogenolysis in Liver Slices—The rate of disappearance of 
glycogen from slices obtained from the livers of well fed rats, 
used as controls, and from animals that had been refed for 24 
hours after 2 days of fasting was investigated. For this purpose, 
liver slices were prepared freehand, and aliquots of about 100 
mg were shaken at 37° in individual flasks containing Krebs 
phosphate medium and oxygen as the gas phase. At zero time 
and then at 10, 20, and 30 minutes, duplicate flasks were removed 


TABLE I 
Effect of fasting on liver phosphorylase 
Body weight Phosphorylase activity 
No. of rats — of Liver weight ‘ | Per 100 g of 
Initial | Final | initial body 
| weight 

days g g units 
12 0 238 238 7.51 109 357 + 12* 
5 1 265 256 6.78 84 229 + 13 
9 2 225 200 5.88 56 148 + 17 
3 3 260 231 6.05 © 357 133 + 11 
3 4 312 | 248 7.18 56 135 + 48 


* Mean + standard error. 


e 
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LIVER PHOSPHORYLASE ACTIVITY 
(UNITS PER !100GM BODY WEIGHT) 


100F 
days of fasting 
A3 V4 
2 3 4 


DAYS OF FEEDING AFTER FASTING 


Fig. 1. Recovery of phosphorylase activity by refeeding the 
animals after different periods of fasting. Each point corresponds 
to the mean of three to nine rats. The horizontal band represents 
the mean of normally fed animals +2 (standard error). 
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DAYS OF REFEEDING 
Fia. 2. Liver glycogen content in rats subjected to different 
lengths of fasting and then refed. Each point is the mean from 
three to nine rats. Days of fasting indicated as follows: 1, ™; 
2,4;3,0;4, O. 


TABLE II 


Phosphorylase activity in homogenate and glycolysis in slices 
obtained from same liver 


Gl 
o units/g 
equivalent — 
4 Well fed 4.5 | 128 + 13 | 1.23 + 0.08 
4 2 days fastandiday | 7.3 69 + 12 | 0.90 + 0.03 
refeeding 


* Mean + standard error. 

t Velocity constant k = 2.3 (log G; — log Gz)/30, where G; and 
G2 are the concentrations of glycogen in slices at 0 and 30 min- 
utes, respectively. 


from the bath and the whole content analyzed for glycogen. 
Table II shows that slices obtained from the experimental ani- 
mals exhibited a lower rate of glycogen disappearance, a lower 
phosphorylase activity, and a higher glycogen concentration 
than the controls. 

Effect of Epinephrine—The decreased phosphorylase activity 
after fasting could be the consequence of a higher proportion of 
the inactive form, with total phosphorylase protein affected 
little or not at all. If this were the case, it could be expected 
that the administration of epinephrine would diminish the dif- 
ference in phosphorylase activity between fasted and normal 
rats. To analyze this possibility, liver phosphorylase was as- 
sayed in normally fed rats and rats fasted for 2 days 30 minutes 
after they received an intraperitoneal dose of 0.2 mg of epi- 
nephrine per kg of body weight. Epinephrine did not signifi- 
cantly modify the phosphorylase activity in either group. A 
hyperglycemic response was observed in the well fed rats. 


DISCUSSION 


The experiments demonstrate that after fasting there is a 
marked reduction in liver phosphorylase content. They confirm 
and extend recent observations made in rats (15) as well as in 
mice (12). In contradistinction, it has been reported that there 
is an increased (24) or a normal (25) activity in muscles of fasted 
rats. 

Refeeding after fasting leads to a recovery of phosphorylase 
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The behavior of the dehydrogenases of the 2. The livers of the animals that have been refed after fasting 


to normal values. 
exhibit higher glycogen levels than those of normally fed rats, 


hexosemonophosphate shunt is different. The recovery after 
48 hours of fasting is very rapid, and the values greatly surpass The higher levels are maintained as long as the phosphorylase 
the normal values (14). activity is decreased. Liver slices from such animals show a 


The changes that occur in the enzymatic pattern of the liver low rate of glycogen disappearance. 
cell as a response to fasting may be the consequence of several 3. The possible significance of these results has been discussed. 


factors. It has been argued that the changes are nonspecific REFERENCES 
manifestations of a diminished protein synthesis (26, 27). The ea C N H.. Ab C 
contention is supported by the fact that loss of enzyme activity Physiol. 109. 


accompanies a decrease in total liver proteins (13, 26-29). Not- 9. Cuampers, W. H., Physiol. Revs., 18, 248 (1938). 
withstanding, it has been shown that some enzymes decrease 3. Peters, J. P., anD Van SLYKE, D. D., Quantitative clinical © 
very rapidly, whereas others do not change or even increase chemistry, The Williams & Wilkins Company, Baltimore, / 


ing fasti 13, 29-31). 1946. 
bh ot tte the d 4. Masoro, E. J., Cuatkxorr, I. L., CHERNIcK, S. AND FELTs, 
is quite probable tha e enzyme pattern of the tissue de- J. M., J. Biol. Chem., 185, 845 (1950). 


. WysHak, G. H., anp Cuarxorr, I. L., J. Biol. Chem., 200, 851 


(1953). 


pends on the quality and the amount of substrates offered to 5 
6. RENoLD, A. E., C. T., NEsBetr, F. B., AnD HastTINGs, 
7 
8 


the cell (31-38). One would be inclined to consider the low 
phosphorylase activity of the liver in fasted animals as an adap- 
tive phenomenon to the low glycogen or to the low glucose 1- 
phosphate content of the tissue. 
The possibility must also be considered that the substrate 
Chem., 233, 1257 (1958). 


stabilizes the enzyme within the cell, as occurs in vitro (39). 

Recent observations emphasize the role that stabilization by 9: ASHMoRE, J., Hastines, A. B., anp Nessert, F. B., Proc. 
Natl. Acad. Sct. U. S., 40, 673 (1954). 

substrates may play in the assay of enzymes in whole tissues 10. Guockx, G. E., anp McLgan, P., Biochem. J., 61, 390 (1955) 
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of the inactivating enzyme over the activating system (17, 41), 13. WeBer, G., ano CantTero, A., Exptl. Cell Research, 14, 59% 


leading to a reduction in the active form. The negative results 14. TeprermMaN, H. M., AND TEPPERMAN, J., Diabetes, 7, 478 
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sibility, since the effect of epinephrine on rat liver phosphorylase 15. SgrensEN, N. S., Rep. Steno Memorial Hosp., 7, 131 (1958). 
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higado, Universidad de Chile, Santiago, 1955. 

. Lanpau, B. R., Hastines, A. B., ano ZoTtu, S8., J. Biol. 


confirmed,! that inactivation of phosphorylase in liver homoge- 
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In normal polymorphonuclear leukocytes the occurrence of a 
high rate of aerobic glycolysis with a concomitant large formation 
of lactic acid has been demonstrated (1, 2) and the enzymes and 
intermediates of the Embden-Meyerhof pathway have been 
isolated and identified (3-5). There are indications for the 
presence and activity of the Krebs cycle, but the contribution 
of this cycle to metabolism is very small when compared to that 
of the glycolytic pathway (6). Polymorphonuclear leukocytes 
contain glycogen and the enzymes involved in glycogenolysis are 
present (7). 

In previous work from this laboratory it was indicated that 
the carbons of acetate as traced by C™ label are incorporated into 
the glycogen of the leukocytes via the Krebs cycle (8). Pyruvate 
and lactate, however, followed a more direct path; probably 
involving the reversal of the pyruvic kinase reaction (8). In 
addition a highly asymmetrical distribution of label was observed 
in the glucose units of the glycogen, 7.e. all 2- and 3-carbon sub- 
strates, thus far tested, have yielded hexose units containing 
80 to 90% of their labeling in carbon atoms 4, 5, and 6 (8). The 
occurrence of an active transaldolase exchange mechanism in 
leukocytes has been postulated to account for this distribution. 

A contribution of the pentose phosphate pathway to the me- 
tabolism of glucose by polymorphonuclear leukocytes has been 
demonstrated (9) and certain enzymes of this pathway have 
been characterized (10). Sbarra and Karnovsky (11) in their 
study of guinea pig polymorphonuclear leukocyte metabolism, 
noted a significantly higher ratio of C-1 to C-6 of glucose oxida- 
tion to respiratory CO, during phagocytosis than during the 
resting state. They concluded that the activity of the direct 
oxidative pathway was markedly stimulated by phagocytosis. 
However, Katz and Wood (12) have shown that the ratio of C-1 
to C-6 oxidation does not always provide a valid measure of the 
activity of the pentose cycle. 

In the present study the conversion of labeled ribose and xylose 
carbons to glycogen by leukocytes has been investigated. The 
labeling pattern observed in glycogen has been found to be con- 
sistent with the participation of the transketolase and transal- 
dolase reactions in the formation of glycogen from these pentoses. 
A preliminary report of this work has been presented (13). 


EXPERIMENTAL PROCEDURE 


Serum and leukocytes were obtained from male rabbits as 
described earlier (8). D-Ribose-1-C' and p-xylose-1-C, were 
obtained through the courtesy of Dr. H. Isbell of the National 
Bureau of Standards. p-Xylose-2-C™ and p-xylose-5-C™ were 


generous gifts from Dr. A. C. Neish of the National Research 
Council of Canada. 

All experiments were performed in siliconized Erlenmeyer 
flasks provided with single side arms. The main compartment 
contained 2 x 10° cells suspended in 10 ml of rabbit serum! and 
5 ml of Hanks’ buffer (2) containing 0.22 mmoles of nonlabeled 
glucose. The C™ substrates were dissolved in 1 ml of the buffer 
and placed in the side arms. Incubation was at 37° for 4 hours 
under 95% oxygen and 5% CO and was terminated by the addi- 
tion of 2 ml of 0.2 N sulfuric acid.2, The cells were separated by 
centrifugation and washed with buffer at 0°. Lactate was isolated 
from the supernatant fraction. 

Glycogen from the cells was isolated and hydrolyzed as de- 
scribed previously (8). The resulting glucose was subjected to 
a bacterial degradation with Leuconostoc mesenteroides according 
to the procedure of Bernstein and Wood (15). The lactic acid 
separated from the supernatant solution by ether extraction was 
degraded after its purification by chromatography as described 
previously (8). The degradation of each compound was checked 
for accuracy by comparing the sum of the activities of the indi- 
vidual carbons with the total activity of the compound as de- 
termined by total oxidation to CO, with chromic acid (16). All 
C4 activities were assayed as CO, gas by the method of Bern- 
stein and Ballentine (17). 


RESULTS 


The percentage incorporation of C into glycogen and lactic 
acid from the labeled pentoses is recorded in Table I. Whereas 
1.2% of the total C™ activity of the ribose-1-C™ was accounted 
for in the glycogen of the cells, only 0.01 to 0.44% of xylose-C¥ 
was incorporated.? This finding is in agreement with the results 
obtained by Hiatt in his experiments on mice (18). There was 
a marked difference in the magnitude of incorporation between 


* This work was supported by Grant No. C-3923 and C 4-1678- 
C-6 from the National Cancer Institute, National Institutes of 
Health, United States Public Health Service. The C' was ob- 
tained on allocation from the Atomic Energy Commission. 

1 Other investigators observed that respiration of polymorpho- 
nuclear leukocytes was significantly higher in serum than in syn- 
thetic medium. Furthermore, maximal respiratory activity was 
maintained for a longer time in serum (cf. McLeod and Rhoades 
(14). 

2 The leakage of cellular glycogen into the medium was less 
than 5% of the total glycogen. 

’ Throughout this paper the p-configuration of the carbohy- 
drates and related intermediates is implied even though not 
shown. 
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variously labeled xylose samples. Xylose-1-C' and xylose-2-C™ 
contributed 0.44 and 0.10%, respectively, whereas xylose-5-C™ 
only contributed 0.01%. 

The lactate in each case contained more C™ than the corres- 
ponding glycogen samples. With ribose as substrate 6.3% of 
the initial activity was accounted for in the isolated lactate, 
whereas with xylose as substrate 2.6 to 4.2% of the activity was 
accounted for. These values again indicate that ribose is utilized 
better than xylose by the leukocytes. It is difficult to estimate 
accurately the over-all utilization of the pentoses, since both ri- 
bose and xylose were administered in very small quantities (2.5 
ymoles). Aside from C*™ incorporation into glycogen and lac- 
tate this study made no attempt to measure C™ conversions into 
other parameters of metabolism. 

The labeling pattern in the glucose units of the glycogen is 
presented in Table II. In the experiments with ribose-1-C™ and 
xylose-1-C'4 the major C™ activity of glucose was in C-1 although 
there was appreciable labeling in C-3 and C-6. There was minor 
or no incorporation of C4 into the other positions of the molecule. 
The ratio of C-1 to C-3 was 7 with xylose and only 4 with ribose. 

In experiments with xylose-2-C' 85% of the radioactivity was 
in the C-2 position of the glucose and there were only minor 
incorporations of C™ in C-1, C-3, and C-5. With xylose-5-C™ 
all the radioactivity was confined to the C-6 position. 

The distribution of C™ in the lactate is shown in Table III and 
is compared with the sum of the activities of C-1 and C-6, C-2 
and C-5, and C-3 and C-4 of the glucose. Ribose-1-C™ and 
xylose-1-C™ yielded lactates with the B-carbon atoms having 
the highest activity followed by the carboxyl carbon atoms. 


TaBLeE I 


Incorporation of C4 from labeled pentoses into glycogen and lactate 
by polymorphonuclear leukocytes 


For experimental conditions see ‘‘Experimental Procedure.’’ 


Glycogen Lactate 

Labeled pentose Amount Amount 

from ad- from ad- 

‘ministered ministered 
cu cu 
uc pmoles | mg % mg % 
p-Ribose-1-C!4...... 5.0 2.5 8.3 1.2 24.2 6.3 
5.0 | 2.5 96), 0.44 | 18.6] 2.6 
pD-Xylose-2-C'4...... 0.38 2.5 10.3! 0.10 | 21.7 4.2 
pD-Xylose-5-C'...... 2.3 2.5 8.9; 0.01 21.1 3.6 


TABLE II 


Distribution of C™% in glucose units of glycogen from leukocytes 
incubated with labeled pentoses 


Values are given in per cent of total activity of the glucose unit. 


Distribution of C4 in the glucose 
unit Recovery of 
Labeled pentose C™ in deg- 
radation 
C-1 | C-2 | C-3 | C-4 | C-5 | C-6 
2°17) 3/0 12 95 
D-Xylose-1-C4%. .......... 70; 4:10; 5 | O 11 102 
3 | 85 6; 0 6 0 106 
0; 0; O; 0; O 100 97 
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TABLE III 
Distribution of C™ in lactate produced by leukocytes from 
labeled pentoses and comparison with distribution in 
glucose units of glycogen 


Distribution of in Distribution of C4 in | Recovery 

the lactate the glucose units of Cin 

Labeled pentose 

| CH: | CHOH | COOH) c-1,6 | c-2,5 | c-3,4 | lactate 
% % % % % 

pD-Ribose-1-C". 75 3 22 78 2 | 2 95 
p-Xylose-1-C*. 76 6 18 81 + 15 104 
p-Xylose-2-C. 4, 8 11 3 | 91 6 100 
D-Xylose-5-C!*. | 100 0 0 100 0 0 96 


The ratio of 8-carbon to carboxyl carbon activity was found to 
be 3.4 with ribose-1-C' and 4.2 in the case of the xylose-1-C™. 
The lactate was labeled primarily in the a-carbon with xylose-2- 
C and exclusively in the 6-carbon with xylose-5-C™. 


DISCUSSION 


It is necessary in interpreting the present results to recall that 
most of the glycogen arises in leukocytes from glucose and that 
there is very little net synthesis of glycogen from carbon at the 
triose phosphate level (8). C at the triose level enters the 
glycogen primarily by a transaldolase exchange with fructose-6-P 
(19) and not by an aldolase reaction. 

The ratios of C™ in C-1 to C-3 in the glycogen from both 
ribose-1-C™ and xylose-1-C™ differ from the data reported by 
previous workers (18, 20, 21). Horecker et al. (20), using rat 
liver preparations, have found that pentose phosphate-1-C™ 
yields hexose monophosphate with 74% of the radioactivity in 
the C-1 position and 24% in the C-3. These authors proposed 
that three molecules of pentose phosphate-1-C™ are converted 
via the transketolase-transaldolase sequence to one molecule of 
unlabeled triose phosphate and two molecules of hexose phos- 
phates with the latter containing twice as much C™ in C-1 as in 


Cc Cc 
¢ 
Cc i > ¢ C <— 
| | 
C-OP C-OP C-OP C-OP 
G-3-P F-6-P Xu-5-P E-4-P|TK 
——> C + C 
Cc c-OP c-oP 
>¢ G-3-P F-6-P 
C 
c-oP 
Xu-5-P 
Cc Cc Cc 
i 
C-OP 
Ribose R-5-P Xu-5-P 


Fig. 1. The transketolase exchange reaction as a mechanism 
for introducing C from pentose-1-C' into C-1 of the fructose-6-P. 
Abbreviations: G-3-P, glyceraldehyde-3-P; F-6-P, fructose-6-P; 
Xu-6-P, xylulose-5-P; E-4-P, erythrose-4-P; R-5-P, ribose-5-P. 
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C-3. However, Katz et al. (21) using rat liver slices observed 
that glucose derived from ribose-1-C** contained an equal labeling 
in C-1 and C-3. Hiatt (18) observed greater labeling of C-3 
than C-1 in liver glycogen of mice fed ribose-1-C'. He suggested 
that due to the availability of hexose in the intact animal, fruc- 
tose-6-P rather than xylulose-5-P might serve as the predominant 
glycolaldehyde donor and thus decrease the C™ activity in C-1 as 
compared to C-3. 

The results obtained with ribose-1-C™ and xylose-1-C"™ will be 
considered first with respect to the scheme shown in Fig. 1. It 
is proposed that a large part of the C™ of the pentose enters the 
hexose phosphates via a transketolase exchange. Since a large 
amount of unlabeled glucose is present in the serum this would 
give rise to unlabeled fructose-6-P and glyceraldehyde-3-P. 

In the presence of transketolase some of the fructose-6-P would 
be converted to xylulose-5-P and erythrose-5-P. By reversal of 
the reaction the erythrose-4-P would react with the labeled xylu- 
lose-5-P arising from the pentose-1-C4. Thus fructose-6-P 
labeled in C-1 would be formed as illustrated at the right side of 
Fig. 1. This transketolase exchange would be superimposed on 
the usual transketolase-transaldolase sequence which leads to 
net synthesis of fructose-6-P from pentoses. This latter sequence 
would yield hexose labeled in both C-1 and C-3 as explained by 
Horecker et al. (20) and could presumably account for the activity 
observed in C-3 of the glucose, whereas the transketolase ex- 
change would introduce excess C™“ in C-1. In addition, the 
labeled fructose-6-P would be converted via the glycolytic reac- 
tions to labeled triose-P. The resulting glyceraldehyde-3-P 
then would enter the fructose-6-P via a transaldolase exchange 
as explained previously (8) and label the hexose phosphate in 
C-4 and C-6. 

The ratio of C“ in C-1 and C-3 was 7 with xylose-1-C™ as 
compared to 4 for ribose-1-C4. The higher ratio with xylose is 
explainable since xylulose-5-P is formed more directly from the 
xylose than from ribose and xylulose-5-P is the donor substrate 
in the transketolase reaction. 

With xylose-2-C™ the highest labeling was in C-2 of the glucose 
of glycogen. This distribution also may be accounted for by the 
transketolase-transaldolase reactions and by the transketolase 
exchange. 

Wood and Katz (22) and Katz and Wood (12) have considered 
at length the randomization of C™ which occurs in hexose mono- 
phosphate as it passes several times through the oxidative pentose 
cycle. They show that the C™ would randomize from C-2 into 
C-1 and C-3 of the hexose with more C™ in the C-1 than C-3. 
This did not occur with xylose-2-C™ and therefore extensive 
recycling via the pentose cycle does not appear to occur in the 
leukocyte. 

Xylose-5-C™ gave a hexose unit with the C™ exclusively in 
the C-6 position. This also is in agreement with the proposed 
reactions since both the transaldolase and transketolase reac- 
tions would yield C-6 labeled hexoses. One would expect some 
activity in C-1 of the glucose, if hexose were formed by the aldo- 
lase reaction. None was found in this position which is in agree- 
ment with previous studies (8) which showed that very little 
glycogen is formed by way of the aldolase reaction. 

It is of interest that xylose-5-C™ gave a much smaller incor- 
poration of label into glycogen than xylose-1-C'. The differ- 


ence between the two xyloses indicates that the transketolase 
catalyzed exchange reaction probably makes a major contribu- 
tion to the labeling in glycogen. 

The data from the lactate degradations indicate that the 
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hexose monophosphates are catabolized to lactic acid through 
the Embden-Meyerhof pathway. Via this pathway C-1 and 
C-6 of the hexose carbon chain should become the B-carbon, C-2 
and C-5 the a-carbon, and C-3 and C-4 the carboxyl carbon of 
lactate. The data in Table III are in fair agreement with these 
views and indicate that the Embden-Meyerhof pathway is the 
main catabolic route of the hexose monophosphates. 


SUMMARY 


Rabbit polymorphonuclear leukocytes were incubated with 
C-labeled pentoses in vitro. The lactate and glycogen were 
isolated and the C™ distribution determined by degradation. 
p-Ribose was found to be converted to glycogen and lactate 
more efficiently than p-xylose. D-Ribose-1-C' and p-xylose- 
1-C* yielded glycogen labeled primarily in carbon 1 with smaller 
amounts in carbon 3 and carbon 6. The ratio of C™ of carbon 
1 to carbon 3 was 4 with ribose and 7 with xylose. These high 
ratios are believed to occur because of an exchange reaction 
catalyzed by transketolase accompanied by a slow net synthesis 
of glycogen from pentose via the transketolase-transaldolase 
sequence. Most of the C activity from pD-xylose-2-C™ was in 
carbon 2 of the glycogen and p-xylose-5-C™ gave a glycogen 
with the isotope exclusively in carbon 6. 
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For detailed studies onthe mode of action of an enzyme areadily 
available source and a convenient method of preparation are of 
distinct advantage. Accessible sources such as bakers’ yeast (1) 
and spinach leaves (2) have, therefore, been used for large-scale 
preparations of transketolase in spite of the fact that extracts of 
Escherichia coli, in which the cleavage of ribose-5-P to triose-P 
was first observed (3), or Torula yeast (4) are 3 to 5 times as 
active. With the development of cellulose derivatives for protein 
fractionation (5), the procurement of transketolase in sufficient 
quantities (4) for isolation of enzyme-substrate intermediates has 
become feasible (6, 7). It is the purpose of this paper to report 
on properties of the crystalline yeast enzyme that have not been 
recorded previously. 


EXPERIMENTAL PROCEDURE 


Methods 


Substrates—An equilibrium mixture of the p-isomers of ribose- 
5-P, ribulose-5-P, and xylulose-5-P was prepared as described 
previously (1) except that purified ribose-5-P isomerase and 
xylulose-5-P epimerase (8) were used instead of the crude yeast 
preparation. The equilibrium mixture was also prepared with 
spleen preparations by the method of Ashwell and Hickman (9). 
pL-Glyceraldehyde-3-P, p-ribose-5-P, and thiamine pyro-P were 
obtained from Schwarz Laboratories, Inc. The dimethyl acetal 
of D-erythrose-4-P was kindly donated by Dr. C. Ballou. L- 
Glyceraldehyde-3-P was prepared from pL-glyceraldehyde-3-P 
according to Venkataraman et al. (10). v-Arabinose-5-P was 
prepared as described by Levin and Racker(11). Glycolaldehyde 
was obtained from Aldrich Chemical Company, Inc., and lithium 
hydroxypyruvate was prepared by the method of Dickens and 
Williamson (12). Other chemicals were prepared as described 
previously (4, 8, 13). 

Enzymes—lIn all experiments described in this paper, crystal- 
line transketolase prepared from bakers’ yeast (4) was used. 
Transaldolase (4), ribose-5-P isomerase (8), xylulose-5-P epimer- 
ase (8), phosphofructokinase (14), and glucose-6-P isomerase (15) 
were prepared as described. Glyceraldehyde-3-P dehydrogen- 
ase, glucose-6-P dehydrogenase, alcohol dehydrogenase, lactic 
dehydrogenase, and mixed crystals of a-glycerophosphate dehy- 
drogenase and triose phosphate isomerase were purchased from 
Boehringer and Sons, Mannheim, Germany. 

Definition of Unit—One unit of enzyme is defined as the 


’ Supported in part by Research Grant No. C-3463 from the 
ve Institutes of Health, United States Public Health 
rvice. 


amount of enzyme which catalyzes the turnover of 1 umole of 
substrate per minute. Specific activity is defined as units of 
enzyme per milligram of protein. 

Assays of Enzymes and Substrates—Activity measurements of 
transketolase and quantitative determination of the pentose-P 
cycle intermediates were carried out as described by Cooper et al. 
(13). In the transketolase assay, 20 ug of mixed crystals of a- 
glycerophosphate dehydrogenase and triose phosphate isomerase 
were used instead of the crude rabbit muscle fraction. 

Assay of Ribose-5-P—Ribose-5-P was assayed with transketo- 
lase in the presence of an excess of xylulose-5-P as follows: 


transketolase 
Ribose-5-P + xylulose-5-P (1) 


glyceraldehyde-3-P + sedoheptulose-7-P 
Glyceraldehyde-3-P + DPN* 
G-3-P dehydrogenase : (2) 


3-P-glycerate + DPNH + Ht 


The reaction mixture contained in a final volume of 1.0 ml, the 
following reagents: 25 umoles of glycylglycine buffer, pH 7.6, 0.47 
umole of xylulose-5-P, a sample of ribose-5-P not exceeding 0.05 
umole, 0.6 umole of DPN, 0.2 umole of thiamine pyro-P, 2 umoles 
of MgCl, 4.5 umoles of arsenate, 100 ug of glyceraldehyde-3-P 
dehydrogenase, and 0.5 unit of transketolase (10 units/mg). 
The check cells contained all reagents including the unknown 
sample except DPN. The total change in optical density was 
stoichiometric to the amount of ribose-5-P, assuming 1 umole of 
DPNH had an optical density of 6.22. 

Assay of Glycolaldehyde—Glycolaldehyde was assayed by meas- 
uring the decrease in optical density at 340 my in the presence of 
DPNH and alcohol dehydrogenase. The reaction mixture con- 
tained in a final volume of 1.0 ml: 25 uwmoles of glycylglycine 
buffer, pH 7.6, 0.12 umole of DPNH, 600 ug of alcohol dehydro- 
genase, and limiting amounts of the glycolaldehyde sample (0.02 
to 0.05 umole). The check cell contained all reagents, including 
the sample, except DPNH. Another control cell that contained 
all reagents except glycolaldehyde was used to correct for traces 
of DPNH oxidase present in some preparations of alcohol dehy- 
drogenase. Optical density readings were taken before and after 
the addition of aleohol dehydrogenase and the reaction was fol- 
lowed until there was no further change in the optical density. 

Assay of Erythrulose—Erythrulose was assayed in the same 
system measuring glycolaldehyde released by transketolase from 
erythrulose in the presence of ribose-5-P as acceptor aldehyde. 
The reaction mixture contained the following reagents in a final 
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volume of 1.0 ml: 25 umoles of glycylglycine buffer, pH 7.6, 
limiting amount of erythrulose (0.02 to 0.05 umole), 2.0 umoles 
of ribose-5-P, 0.2 umole of thiamine pyro-P, 2.0 umoles of MgCle, 
0.12 umole of DPNH, 1.61 units of transketolase, and 600 ug of 
crystalline alcohol dehydrogenase. The check cells contained all 
the reagents except DPNH. The control for DPNH oxidase 
contained all reagents except the erythrulose sample. 

Assay of Sedoheptulose-7-P—Sedoheptulose-7-P was measured 
colorimetrically according to Dische (16), or by the enzymic 
method (13). 

Assay of Octulose-8-P—Glucose-6-P released by transketolase 
from octulose-8-P in the presence of glyceraldehyde-3-P as ac- 
ceptor aldehyde was determined with glucose-6-P dehydrogenase. 
In a final volume of 1.0 ml, the following reagents were added: 25 
umoles of glycylglycine buffer, pH 7.6, limiting amount of octu- 
lose-8-P (0.02 to 0.05 umole), 0.63 umole of glyceraldehyde-3-P, 
0.2 umole of thiamine pyro-P, 2.0 umoles of MgCl, 0.27 umole 
of TPN, 0.1 unit of glucose-6-P dehydrogenase, and 1.0 unit of 
transketolase. Optical density readings were taken before and 
after the addition of transketolase and the reaction was followed 
until there was no further change in the optical density. 

Assay of Hydroxypyruvate—Hydroxypyruvate was assayed at 
340 muy in the presence of DPNH and 15 ug of lactic dehydrogen- 
ase. 


RESULTS 


Resolution of Crystalline Preparations of Transketolase—Two 
different kinds of preparation of transketolase were used which 
are dependent on thiamine pyro-P for activity. One preparation 
was obtained by dialysis of the enzyme against 1000 volumes of 
1.6 M ammonium sulfate at pH 7.8 for 48 hours. This procedure 
resulted in a soluble transketolase preparation which was almost 
completely resolved but was considerably less stable than the 
crystalline holoenzyme. Simpson (17) observed a similar lower 
stability of pork liver transketolase in the absence of thiamine 
pyro-P. 

A second type of preparation of resolved transketolase was 
observed accidentally. Crystalline suspensions of transketolase 
that had been stored in 2 M ammonium sulfate for 8 to 12 months 
in the cold room were found to be quite insoluble in water or 
dilute buffer. Such enzyme suspensions decreased the transmis- 
sion of light as shown in Fig. 1. In these experiments, 340 mu 
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Fic. 1. The effect of Mg** and thiamine pyro-P on the solubil- 
ity of transketolase. In a final volume of 1 ml, the cuvettes con- 
tained 25 uwmoles of glycylglycine buffer, pH 7.4, and 0.5 unit of 
transketolase (8.2 units/mg). MgCl. (2.0 wmoles) and 0.2 umole 
of thiamine pyro-P were added in the order indicated in the figure. 
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Fig. 2. The effect of the order of addition of cofactors on trans- 
ketolase. Ina final volume of 1.0 ml, the following reagents were 
added: 0.018 unit of transketolase (8.0 units/mg), 25 umoles of 
glycylglycine buffer, pH 7.4, 0.9 umole of xylulose-5-P, 1.2 umoles 
of ribose-5-P, 20 ug of a mixture of a-glycerophosphate dehydro- 
genase and triose phosphate isomerase, and 0.12 whmole of DPNH. 
MgCl, (2.0 umoles) and 0.2 umole of thiamine pyro-P were added 
in the order indicated in the figure. 


was selected for convenience since activity measurements were also 
carried out at this wave length. 

Addition of Mgt* or thiamine pyro-P had no effect on the light 
scattering but when both cofactors were added, rapid solubiliza- 
tion and increased transmission of light took place. As can be 
seen from Fig. 1, the order of addition of the two cofactors did 
not seem to affect the rate of solubilization. 

Such insoluble preparations could be washed with water thus 
removing contaminating proteins such as traces of xylulose-5-P 
3’-epimerase. Since this useful procedure of purification was not 
applicable to freshly prepared crystals of transketolase, various 
attempts were made to accelerate the “aging process”’ that re- 
sulted in decreased solubility. Neither heating nor repeated 
fractionations of the enzyme with ethanol were successful. Since 
thiamine pyro-P and Mg** were needed for solubilization, trans- 
ketolase resolved by dialysis against 1.6 M ammonium sulfate 


was repeatedly precipitated with ammonium sulfate. However, | 


the enzyme remained soluble. The process of aging for 8 to 10 
months was successfully repeated three times in the course of this 
work. 

Effect of Order of Addition of Cofactors to Resolved Transketolase 
—In contrast to the above procedure of solubilization, activity 
measurements of resolved enzyme by addition of thiamine pyro-P 
and Mg++ were markedly dependent on the order of addition. 
When thiamine pyro-P was added first and then Mg**, the en- 
zyme activity, as measured by the oxidation of DPNH, was 
markedly depressed as shown in Fig. 2. It appears from these 
experiments that thiamine pyro-P interacted with the enzyme 
without added Mgt*, resulting in a union which not only was 
catalytically inactive but which interfered with the proper align- 
ment of thiamine pyro-P after Mgt* addition. 

Effect of pH on Transketolase Activity—In order to avoid sec- 
ondary effects of pH on other enzymes used in the spectrophoto- 
metric test, transketolase activity was determined colorimetrically 
by the rate of sedoheptulose-7-P formation. Fig. 3 shows the 
effect of pH on the formation of sedoheptulose-7-P from pentose 
phosphates. A pH optimum at about 7.6 was observed. 

Substrate Specificity of Yeast Transketolase—In the course of 
experiments on the formation of an active glycolaldehyde enzyme 
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Fic. 3. The effect of pH on transketolase activity. In a final 
volume of 1.0 ml, 0.1 unit of transketolase (8.5 units/mg) was 
incubated for 10 minutes at room temperature with the following 
reagents: 50 wmoles of Tris buffer at different pH, 2.9 umoles of 
xylulose-5-P, 3.5 ymoles of ribose-5-P, 0.2 umole of thiamine pyro- 
P, and 2.0 smoles of MgCle. Tris-maleate buffer in the same con- 
centration was used for the pH 6 and pH 6.5 experiments. After 
10 minutes, 0.1 ml of 50% trichloroacetic acid solution was added 
to stop the reaction. Sedoheptulose-7-P was assayed according 
to the method of Dische (16) with 0.1 ml of the centrifuged solu- 


tion. 


intermediate (18) it was noted that with fructose-6-P as substrate 
considerably more erythrose-4-P was formed than the stoichio- 
metric equivalent of the transketolase added. Formation of 
erythrose-4-P was measured in the presence of glyceraldehyde- 
3-P dehydrogenase by reduction of DPN (19, 20). To eliminate 
possible side reactions in the spectrophotometric test, fructose- 
6-P was incubated with transketolase alone and fructose-6-P 
disappearance was determined as shown in Table I. Since nei- 
ther glycolaldehyde nor erythrulose accumulated in amounts 
equivalent to fructose-6-P disappearance, it was considered likely 
that fructose-6-P contained or gave rise to an acceptor aldehyde 
such as glucose-6-P. Examination of several commercial prep- 
arations of fructose-6-P revealed glucose-6-P contamination. 
Traces of glucose-6-P isomerase activity were found in the 
transketolase preparations. That transketolase, indeed, acts on 
glucose-6-P as acceptor aldehyde was substantiated by further 
experiments described below. Since the latter has not previously 
been shown to react, the substrate specificity of transketolase 
was reexamined with relatively large amounts of the enzyme. 

It is already known that several keto sugars can act as donors 
and several aldehydes can serve as acceptors for transketolase 
(cf.21). A convenient assay for the efficiency of various acceptor 
aldehydes was developed which depends on the rate of disap- 
pearance of hydroxypyruvate in the presence of transketolase as 
shown in Table II. Relatively high concentrations of enzyme 
were used in these experiments except with p-glyceraldehyde-3-P 
as acceptor. In addition to the known acceptor aldehydes men- 
tioned above, arabinose-5-P and glucose-6-P were found to serve 
as acceptors under these conditions. However, little or no re- 
activity with L-glyceraldehyde-3-P was observed. p-Glyceralde- 
hyde-3-P was included in the table for comparative purposes; 
however only 1/50 of the enzyme concentration was used. With 


glucose-6-P and arabinose-5-P as acceptors the product was also 
analyzed with Dische’s cysteine-sulfuric acid reagent (16). With 
arabinose-5-P, a color with a maximum at 510 my was observed 
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indicating the formation of a heptulose. With glucose-6-P as 
acceptor, a color with an absorption maximum at 480 mu was 
obtained suggesting the production of an octulose. In view of 
the possible metabolic significance of glucose-6-P as an acceptor, 
the product of this reaction was isolated and characterized. 
Preparation and Characterization of Octulose-8-P—Octulose-8-P 
was prepared by incubating 80.0 umoles of glucose-6-P at 35° in 
a final volume of 4.5 ml with the following reagents: 250 umoles of 
glycylglycine buffer, pH 7.6, 120 umoles of lithium hydroxy- 
pyruvate, 10 umoles of thiamine pyro-P, 100 umoles of MgCla, 
and 386 units of transketolase (10 units/mg). When 50 umoles 
(62%) of the glucose-6-P disappeared (24 hours), the reaction 
was stopped and deproteinized by adding 0.5 ml of 50% trichloro- 
acetic acid. From the supernatant solution, octulose-8-P and 
residual glucose-6-P were isolated as barium salt by addition of 
excess barium acetate and 4 volumes of ethanol. The barium 
salts were dissolved in water with a few drops of 1 N HCl and the 
barium was removed with equivalent amounts of ammonium 
sulfate. Octulose-8-P was then separated from glucose-6-P on a 


TABLE [ 
Disappearance of fructose-6-P in presence of transketolase 


In a final volume of 3 ml, 25 umoles of glycylglycine buffer, pH 
7.4, 3.4 umoles of fructose-6-P, 4 wumoles of MgCle, 0.4 umole of 
thiamine pyro-P, and 29 units of crystalline transketolase (9 
units/mg) were incubated in duplicate. A third reaction mixture 
was deproteinized immediately and served as zero time control. 
All samples were analyzed for fructose-6-P with glucose-6-P 
isomerase and glucose-6-P dehydrogenase, thus including in the 
analysis small amounts of glucose-6-P formed during the incuba- 
tion. 


| Fructose-6-P 
| Ohr 1 hr | 2 hr 
| pumoles 
Complete system........... | 3.3 2.7 2.4 
Transketolase omitted...... | 2.2 | 3.2 | 3.25 
TABLE II 


Disappearance of hydroxypyruvate in presence of different acceptors 
in transketolase-catalyzed reaction 

In a final volume of 2.0 ml the following reagents were added: 
50 umoles of glycylglycine buffer, pH 7.6, 2.5 umoles of hydroxy- 
pyruvate, 2.6 umoles of the acceptor aldehyde, 0.5 umole of thia- 
mine pyro-P, 5.0 uymoles of MgCl2, and 7.1 units of transketolase. 
In the experiment with p-glyceraldehyde-3-P as acceptor, 0.14 
unit of transketolase was used instead of 7.1 units. Hydroxy- 
pyruvate was assayed at different intervals of time with lactic 
dehydrogenase as described under ‘‘Experimental Procedure.”’ 


Disappearance of hydroxypyruvate 


Acceptor 
| i hr 2 hr 
| umoles* 
L-Glyceraldehyde-3-P............... 0.12 
p-Glyceraldehyde-3-P............... | 0.518 0.53 
p-Arabinose-5-P.................... | 0.28 0.39 
0.574 


* All values were corrected for disappearance without added 
acceptor aldehyde. 
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Dowex 1-formate column (22 ecm X 1.2 sq em) with gradient 
elution with 150 ml of water in the mixing chamber and 150 ml 
of buffer (0.5 M ammonium formate + 0.2 N formic acid) in the 
upper reservoir. Eluate samples of 2.5 ml each were collected 
and tested for sugar with anthrone (22) and cysteine-sulfuric acid 
(16). Octulose-8-P was eluted between 100 and 115 ml. This 


TABLE III 


Concentration of components of transketolase-catalyzed 
reaction at equilibrium 


In a final volume of 2.0 ml, the following reagents were incu- 
bated at 25°: 50 umoles of glycylglycine buffer, pH 7.6, 1.5 umoles of 
xylulose-5-P, 1.75 umoles of ribose-5-P, 0.2 umole of thiamine pyro-P, 
2.0 zmoles of MgCle, and 0.8 unit of transketolase. Small aliquots 
were removed at 10-minute intervals and glyceraldehyde-3-P pro- 
duction was measured. When the glyceraldehyde-3-P value be- 
came constant (usually within 40 minutes under this condition) 
0.2 ml of 50% trichloroacetic acid was added and the mixture was 
centrifuged. The supernatant solution was neutralized and ana- 
lyzed for the products. Values are expressed as total uymoles. 


Substrates | 0 time 40 min A 
meee. | 1.47 | 0.649 0.821 
| 1.83 1.09 0.74 
Sedoheptulose-7-P...........) 0.189 0.948 0.759 
Glyceraldehyde-3-P......... | 0.133 0.883 0.750 

TABLE IV 


Equilibrium constants with different substrates 


System la. In a final volume of 2.0 ml, 0.82 unit of transketo- 
lase (8 units/mg) was incubated in quadruplicate at 25° with the 
following reagents: 50 umoles of glycylglycine buffer, pH 7.6, t.55 
uwmoles of xylulose-5-P, 1.58 wmoles of ribose-5-P, 0.2 umole of 
thiamine pyro-P, and 2.0 umoles of MgCl... After incubating for 
various intervals of time (0, 10, 20, and 40 minutes), 0.2 ml of 50% 
trichloroacetic acid was added and the mixtures were centrifuged. 
The supernatant solutions were adjusted to pH 6.8 and analyzed 
as described under ‘‘Experimental Procedure.’’ 

System 1b. In a final volume of 2.0 ml, 1.7 units of transketolase 
(11 units/mg) were incubated at 25° with the following reagents: 
50 umoles of glycylglycine buffer, pH 7.6, 2.62 umoles of sedohep- 
tulose-7-P, 2.12 umoles of glyceraldehyde-3-P, 0.2 umole of thia- 
mine pyro-P, and 2.0 umoles of MgCl.. The rest of the procedure 
was the same as for system la. 

System 2. In a final volume of 2.0 ml, 1.6 units of transketolase 
(10 units/mg) were incubated with 2.02 wmoles of xylulose-5-P 
and 1.93 umoles of erythrose-4-P, 0.2 wmole of thiamine pyro-P, 
and 2.0 umoles of MgCle. Since trichloroacetic acid inhibits 
glucose-6-P dehydrogenase, metaphosphoric acid was used for 
deproteinization. 

System 3. In a final volume of 2.0 ml, 2.0 units of transketolase 
(9 units/mg) were incubated at 25° with 2.0 umoles of fructose- 
6-P, 2.0 umoles of glycolaldehyde, 0.2 umole of thiamine pyro-P, 
and 2.0 umoles of MgCle. The rest of the procedure was the same 
as for system 2. 


System Reaction Equilibrium constants 
20 min 40 min 
la Xu-5-P + R-5-P=— 8-7-P + G-3-P..| 1.28 1.18 
1b S-7-P + G-3-P=— Xu-5-P + R-5-P. .| 0.922 1.04 
2 Xu-5-P + E-4-P — F-6-P + G-3-P.| 8.7 11.9 
3 F-6-P + glycolaldehyde = eryth- 
rulose + E-4-P................. 0.0152 | 0.0150 
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fraction was free of glucose-6-P as tested with glucose-6-P dehy. 
drogenase and TPN. With Dische’s cysteine-sulfuric acid 
reagent (16) it gave a maximal absorption band at 480 muy in. 
dicating the presence of an octulose. Barium acetate (300 
umoles) was added to this fraction and the pH of the solution was 
adjusted to 7.8. Four volumes of ethanol were then added and 
the mixture was kept in the refrigerator overnight. The banum 
salt was collected by centrifugation, washed once with ethanol 
and once with ether, and dried in a vacuum desiccator; 35 mg of 
barium salt were obtained. Ten milligrams of this barium salt 
were converted to the sodium salt in a final volume of 2 ml and 
assayed for octulose-8-P as described under “Experimental Pro. 
cedure.’’ The enzymatic assay and total phosphorus gave values 
of 3.8 umoles/ml and 4.2 uwmoles/ml, respectively. Periodate 


oxidation of this material was measured according to Marinettj | 


and Rouser (23). Octulose-8-P utilized 5.98 umoles of periodate 
per umole of substrate (as measured by total phosphorus) and 
6.46 umoles per umole (as measured by enzymic analysis). The 
theoretical expected value is 6 wmoles. Octulose-8-P (15 


umoles) was dephosphorylated with 0.45 unit (umoles of P; hy- | 


drolyzed per minute) of potato acid phosphatase,! deionized, and 
chromatographed.2, The material gave the characteristic color 
changes for octulose in the orcinol spray and traveled with the 
same Ry as synthetic p-glycero-p-ido-octulose in two solvent 
systems which readily separate this octulose from the octuloses 
of p-glycero-p-manno, p-glycero-p-gulo, and p-glycero-p-altro 
configuration. 

Equilibrium Constants with Different Substrates—For equilib- 
rium studies, the substrates were allowed to react in the presence 
of transketolase, Mg++, and thiamine pyro-P until the reaction 
came to a standstill. The four reactants, 2.e. two substrates and 
two products were measured by specific enzymic methods (13), 


From the data shown in Table III it can be seen that the disap. | 
pearance of xylulose-5-P and ribose-5-P agrees well with the © 


appearance of sedoheptulose-7-P and glyceraldehyde-3-P. Equi- 


librium constants obtained with fructose-6-P and glyceraldehyde- © 


3-P as well as with glycolaldehyde as acceptor are recorded in 
Table IV. 


was obtained with the forward reaction. 
erythrose-4-P as substrates, the equilibrium constant was cal- 
culated to be 11.9. This value is quite different from the value 


of unity estimated for the equilibrium ‘constant of this reaction | 


by Horecker et al. (2). 


Effect of Concentration of Substrate—K,, for xylulose-5-P in the | 
K. values for | 


presence of 0.005 m ribose-5-P was 2.1 x 10-4. 
some other substrates are also given in Table V._ It can be seen 
that xylulose-5-P has the greatest affinity for transketolase and 


In the case of the first reaction listed, the equilib- ~ 
rium was also measured by starting with sedoheptulose-7-P {| 
and glyceraldehyde-3-P as substrates and reasonable agreement _ 
With xylulose-5-P and | 


that of erythrulose is less than that of fructose-6-P. The 
Michaelis constant for the acceptor aldehyde, ribose-5-P, in the | 


presence of 0.002 m xylulose-5-P was 4 « 10-4 M. 


Inhibitors of Transketolase—There are few compounds that are : 


known to inhibit transketolase. 
benzoate, or N-ethylmaleimide® are without effect. 


Iodoacetate, p-chloromercuti- 
Sulfate and | 


phosphate ions were found to inhibit transketolase approximately | 
50% between 0.01 and 0.92 m concentration. Oxythiamine | 


1 A. Kornberg, unpublished procedure. 


2 We wish to thank Dr. H. H. Sephton for carrying out these 


chromatographic experiments. 
3G. de la Haba and A. G. Datta, unpublished data. 
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TABLE V 
Michaelis constants of various substrates 


System 1. Ina final volume of 1.0 ml, 0.013 unit of transketolase 
(10 units/mg) and the following reagents were pipetted into a 
microcuvette with a light path of 10 mm: 25 umoles of glycylgly- 
cine buffer, pH 7.6, various concentrations of xylulose-5-P (0.033 
to 0.52 umole), 5.0 umoles of ribose-5-P, 0.2 wmole of thiamine 
pyro-P, 2.0 umoles of MgCl2, 0.12 umole of DPNH, and 20 ug of a 
mixture of a-glycerophosphate dehydrogenase and triose phos- 
phate isomerase. The rates of DPNH oxidation were measured 
at 340 mz. 

System 2. Ina final volume of 1.0 ml, 0.36 unit of transketolase 
(9 units/mg) was incubated at room temperature with the follow- 
ing reagents: 25 umoles of glycylglycine buffer, pH 7.4, various 
concentrations of fructose-6-P (0.1 to 4.0 umoles), 6.0 uwmoles of 
ribose-5-P, 0.2 umole of thiamine pyro-P, and 2.0 umoles of MgCl:. 
After 10 minutes, 0.1 ml of 50% trichloroacetic acid was added. 
After centrifugation, 0.3 ml of the supernatant solution was used 
for the colorimetric determination of sedoheptulose-7-P (16). 

System 3. In a final volume of 1.0 ml, 0.45 unit of transketolase 
was incubated at room temperature with the following reagents: 
25 umoles of glycylglycine buffer, pH 7.4, different concentrations 
of erythrulose (1 to 6 umoles), 11.4 umoles of glyceraldehyde-3-P, 
0.2 umole of thiamine pyro-P, and 2.0 umoles of MgCle. After 
10 minutes, 0.1 ml of 50% trichloroacetic acid was added. After 
centrifugation, the supernatant solution was adjusted to pH 7.0 
and a 0.2-ml sample was analyzed for glycolaldehyde. 

System 4. In a final volume of 1.0 ml, the following reagents 
were pipetted into a microcuvette with a light path of 10 mm: 25 
umoles of glycylglycine buffer, pH 7.6, 1.9 umoles of xylulose-5-P, 
various concentrations of ribose-5-P (0.06 to 0.6 umole), 0.6 umole 
of DPN, 4.5 umoles of arsenate, 0.2 umole of thiamine pyro-P, 2.0 
umoles of MgCle, and 100 ug of glyceraldehyde-3-P dehydrogenase. 
Transketolase (0.015 unit) was added last and the rate of increase 
in optical density at 340 my was followed. 

In all cases, Lineweaver-Burk plots were used to determine the 
K,, values. 


re Substrate Cosubstrate Km 

1 | Xylulose-5-P | Ribose-5-P (0.005 m) 2.1 X 1074 
2 | Fructose-6-P | Ribose-5-P (0.01 m) 1.8 X 1073 
3 | Erythrulose Glyceraldehyde-3-P (0.011 mM) | 4.9 X 1073 
4 | Ribose-5-P Xylulose-5-P (0.0019 m) 4.0 X 10-4 


pyro-P4 has been found to be a potent inhibitor of resolved trans- 
ketolase. As shown in Fig. 4, oxythiamine pyro-P in a final con- 
centration of 3.6 x Mand 7.2 m (Curves 4 and 34) in- 
hibited transketolase approximately 60 and 80%. Addition of 
0.5 umole of thiamine pyro-P 4 minutes later (arrow) did not 
restore the activity. Oxythiamine pyro-P added 2 minutes 
after addition of thiamine pyro-P had no effect on the initial rate 
of transketolase (Curve 2). Simultaneous addition of oxythia- 
mine pyro-P and a 100-fold excess of thiamine pyro-P still re- 
sulted in partial inhibition (Curve 3). These findings suggested 
that oxythiamine pyro-P had a considerably greater affinity for 
the enzyme than thiamine pyro-P. It could therefore be ex- 
pected that in the course of time, oxythiamine pyro-P should 
displace thiamine pyro-P from the holoenzyme. When 0.013 
unit of holoenzyme was incubated with 0.012 umole of oxythia- 
mine pyro-P and 25.0 umoles of glycylglycine buffer, pH 7.6, a 


‘We wish to thank Dr. W. Bartley for a generous gift of oxy- 
thiamine pyro-P. 
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Fic. 4. The effect of oxythiamine pyro-P on transketolase. 
In a final volume of 0.25 ml, the following reagents were added in 
the order given below: 0.015 unit of transketolase (8.5 units/mg), 
25 wmoles of glycylglycine buffer, pH 7.6, 2.0 umoles of MgCle, 
and different concentrations of oxythiamine pyro-P and thiamine 
pyro-P, individually or jointly. After 3 minutes, 0.2 umole of 
thiamine pyro-P, 0.12 uymole of DPNH, 20 ug of a-glycerophos- 
phate dehydrogenase and triose phosphate isomerase mixture, 
and sufficient water to make a final volume of 0.95 ml were added. 
A solution (0.05 ml) containing 0.9 umole of xylulose-5-P and 1.2 
umoles of ribose-5-P was added at 1 minute to start the reaction. 
Curve 1, control; Curve 2,3.6 X 10-5 umoles of oxythiamine pyro-P 
were added 2 minutes after the addition of 3 X 10-2 umoles of thia- 
mine pyro-P; Curve 3, 3.6 X 10-5 umoles of oxythiamine pyro-P 
and 3 X 10°? uwmoles of thiamine pyro-P were added simul- 
taneously; Curve 4, 3.6 X 1075 wmoles of oxythiamine pyro-P; 
Curve §, 7.2 X 10-5 wmoles of oxythiamine pyro-P. After 4 min- 
utes 0.5 wmole of thiamine pyro-P was added as indicated by the 
arrow in the figure. 


progressive inhibition with time was observed (Fig. 5, Curve 2) 
indicating a slow displacement of enzyme-bound thiamine pyro- 
P. There was very little inactivation after 4 hours at room 
temperature in the control containing holoenzyme alone (Curve 
1). Attempts to displace oxythiamine pyro-P attached to the 
enzyme with excess thiamine pyro-P were less successful. Al- 
though approximately 1500-fold excess of thiamine pyro-P over 
oxythiamine pyro-P was used, only 20% of the original activity 
was restored in 3 hours (Curve 3). In contrast to these findings, 
the inhibition of wheat germ pyruvic decarboxylase by oxythia- 
mine pyro-P (0.388 uM) is reversed by about 30% with the addi- 
tion of thiamine pyro-P (0.195 um) 20 minutes after the addition 
of oxythiamine pyro-P (24). | 

In the course of assays of thiamine pyro-P in transketolase 
preparations, it was observed that on boiling of a resolved trans- 
ketolase preparation, a compound was released which was 
strongly inhibitory to the enzyme. Similar to oxythiamine pyro- 
P, the inhibitor was most effective when added to resolved en- 
zyme before the addition of thiamine pyro-P. Thiamine mono- 
phosphate did not inhibit under these conditions. 


DISCUSSION 


In early stages of investigations, enzymes are often considered 
to be rather specific for a given substrate, usually a metabolic 
intermediate. Later on when the enzyme becomes available in 
larger quantities, additional substrates are found to be utilized by 
the enzyme, although frequently at a much lower rate. In the 
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Fic. 5. Curves 1 and 2. Displacement of thiamine pyro-P by 
oxythiamine pyro-P. Thiamine pyro-P (43 uwmoles) was added to 
28.4 units of transketolase (7.5 units/mg) in a final volume of 0.5 
ml and incubated at room temperature for 5 minutes. Saturated 
ammonium sulfate (4.0 ml) was then added and the mixture was 
centrifuged. The precipitate was washed twice with 4.0 ml of 
70% saturated ammonium sulfate and dissolved in 0.4 ml of 0.25 
M glycylglycine buffer, pH 7.6. This enzyme was almost fully 
active without the addition of thiamine pyro-P. This holoen- 
zyme (1.37 units) was incubated in a final volume of 0.5 ml at room 
temperature with 0.012 umole of oxythiamine pyro-P and 25 wmoles 
of glycylglycine buffer, pH 7.6. Samples of the incubation mix- 
ture were withdrawn at the intervals indicated in the figure and 
assayed for transketolase without further addition of thiamine 
pyro-P. Curve 1, control without oxythiamine pyro-P; Curve 2, 
oxythiamine pyro-P treated. 

Curves 3 and 4. Displacement of oxythiamine pyro-P. by thia- 
mine pyro-P. In a final volume of 1.0 ml, 0.26 unit of resolved 
transketolase was incubated with 25 umoles of glycylglycine 
buffer, pH 7.6, 2.0 umoles of MgCl., and 0.0012 umole of oxythia- 
mine pyro-P in duplicate. Thiamine pyro-P (2.0 umoles) was 
added to one tube as indicated by the arrow. An 0.05 ml aliquot 
was used for measuring transketolase activity. All assays in 
this experiment were carried out in the presence of the complete 
assay system including the usual amount of thiamine pyro-P. 
Curve 3, thiamine pyro-P added; Curve 4, no thiamine pyro-P 
added. 


case of transketolase the number of compounds known to serve 
either as ketol group donor or as aldehyde acceptor is slowly in- 
creasing. The demonstration in this paper of glucose-6-P as ac- 
ceptor aldehyde for crystalline transketolase is of particular in- 
terest for two reasons. The demonstration of octuloses in plants 
(25) and the presence of what appears to be an octulose-P in red 
blood cells* may find an explanation in the enzymic formation of 
octulose-8-P either via transaldolase or via transketolase. It 
should be emphasized that the octulose-8-P described in this pa- 
per is distinct from that formed from ribose-5-P and fructose-6-P 
by transaldolase (26). Although both octulose-8-P preparations 
were shown to serve as ketol group donors for transketolase, the 
octulose-8-P prepared with transaldolase gave rise to allose-6-P, 
whereas the octulose-8-P described in this paper gave rise to 
glucose-6-P. These observations indicate that the two prepara- 
tions of octulose-8-P differ only in the OH position at C-5, but 
insufficient material was available for structural studies. The 
configuration of the p-glycero-p-manno-octulose found in avocado 


6G. R. Bartlett, personal communication. 


fruit does not suggest a direct pathway via either transketolage 
or transaldolase. However, the presence of a second octulose® jn 
avocado which has not been identified as yet makes it likely that 
epimerizations and transformations take place at the octulose 


level. Similar considerations apply to the utilization of arabi. | 


nose-5-P by transketolase. Mannoheptulose (27) and man. 
noheptulose-P which are readily demonstrated in extracts of 


avocado fruits’ may be visualized to arise by epimerization of © 


sedoheptulose-7-P. Alternatively, ribose-5-P may be converted 


to arabinose-5-P (11) which may be channelled into heptulose | 


synthesis. 
A second aspect of the function of glucose-6-P as acceptor 
aldehyde concerns a puzzling finding made independently in 


various laboratories (28, 29). When fructose-6-P or glucose-6-P | 
was added to enzyme preparations that contained transketolase | 
and transaldolase, the formation of heptulose-P took place ata © 


relatively rapid rate in spite of the fact that no acceptor aldehyde 
such as glyceraldehyde-3-P or erythrose-4-P was added. With 
the demonstration of glucose-6-P as acceptor aldehyde for trans- 
ketolase, these findings may be partially explained by the forma- 
tion of sufficient erythrose-4-P to initiate the transketolase- 


transaldolase-catalyzed transformation of glucose-6-P to heptu- © 


lose-P. 


tions. 
That thiamine pyro-P may become attached to transketolase 


in more than one way is indicated by the experiments revealing — 
an inhibitory effect of the thiamine pyro-P when added to the — 
enzyme before Mg++. In order to obtain a fully active catalytic — 


Interaction of Thiamine Pyro-P and Oxythiamine Pyro-P with © 
Transketolase—Oxythiamine pyro-P is inhibitory to carboxylase | 
(24) but the affinity of the natural coenzyme to the apoenzymeis _ 
greater than that of the inhibitor. In the case of transketolase, 
the inhibitor has an affinity of several orders greater than thia- — 
mine pyro-P. This suggests the possible use of oxythiamine — 
pyro-P as specific metabolic inhibitor in an analysis of transketo- | 
lase participation in multienzyme systems in cell-free prepara- > 


site, Mg++ may have to act as a ligand between the enzyme and — 


the coenzyme. 


Multiple attachments of thiamine pyro-P are suggested by ex- 


periments in which transketolase was treated with large amounts © 


of the coenzyme and reprecipitated several times to remove the 
excess. Direct analysis indicated as many as 9 moles of thia- 
mine pyro-P per mole of enzyme. The role of thiamine pyro-P 


as a carrier of active glycolaldehyde will be discussed in the ac- _ 


companying paper. 
SUMMARY 


1. Transketolase from yeast becomes insoluble in water after 
storage for several months at 0° as a crystalline suspension in 2M | 
ammonium sulfate. The enzyme dissolves readily on addition | 


of Mgt and thiamine pyrophosphate. 


2. Arabinose 5-phosphate and glucose 6-phosphate serve as | 
acceptor aldehydes for yeast transketolase. With the latter, an _ 
octulose 8-phosphate accumulated which was isolated as a barium © 


salt. 


strate pairs are reported. 


4. Oxythiamine pyrophosphate is a potent inhibitor of trans | 


6 N. K. Richtmyer, personal communication. 
7M. Tabachnick, unpublished observation. 
8 G. de la Haba, unpublished observation. 


3. Equilibrium constants and K,, values with different sub- : 
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ketolase. Its affinity to the apoenzyme is several orders of mag- 
nitude greater than that of thiamine pyrophosphate. 

5. The significance of glucose 6-phosphate as a substrate for 
transketolase, the formation of octulose 8-phosphates, and the 
interaction between transketolase and thiamine pyrophosphate 
are discussed. 


Acknowledgmenis—The authors wish to thank Mrs. E. Schroe- 
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It has been proposed that the transfer reaction catalyzed by 
transketolase proceeds via a 2-carbon intermediate referred to as 
‘active glycolaldehyde” which is firmly bound to the enzyme (1). 
In a preliminary communication (2) evidence has been presented 
for an “active glycolaldehyde-enzyme” intermediate which (a) 
transferred the ketol group to a suitable aldehyde acceptor, (6) 
exchanged with C-labeled glycolaldehyde in solution, and (c) 
yielded glycolaldehyde on denaturation of the enzyme. It is the 
purpose of this paper to describe these studies in detail. 


EXPERIMENTAL PROCEDURE 


Methods 


Materials—Phospho cellulose and carboxymethyl cellulose 
were obtained from Serva Entwicklungslabor, Heidelberg, Ger- 
many. C'*-2-Labeled glycolaldehyde (1270 c.p.m./umole) was 
kindly donated by Dr. 8. Weinhouse. Uniformly labeled-su- 
crose was generously supplied by Dr. M. Gibbs and Dr. C. 
Fuller, or purchased from the Schwarz Laboratories, Inc. It 
was used to prepare uniformly labeled C™-fructose-6-P (1.61 x 
10® ¢c.p.m./umole) as follows. Approximately 40 mg of uni- 
formly labeled sucrose were dissolved in 0.6 ml of 0.5 Nn HCl 
and heated in a boiling water bath for 10 minutes. The hy- 
drolysate was then adjusted to pH 7.8 and assayed with hexoki- 
nase and glucose-6-P dehydrogenase for glucose. It contained 
95 umoles of glucose (and presumably 95 umoles of fructose). 
In a final volume of 3.0 ml, the sucrose hydrolysate was incu- 
bated at 35° with the following reagents: 500 umoles of Tris 
buffer, pH 7.8, 400 umoles of ATP, 100 umoles of MgCl:, 40 units 
of hexokinase, 32 units of glucose-6-P isomerase, and 25 units of 
phosphofructokinase. After 30 minutes of incubation, the solu- 
tion was assayed for fructose-1 ,6-di-P (3) and was found to con- 
tain 131 umoles. To this solution, 0.2 ml of 6 N HCl was added 
and the mixture was kept in a water bath at 56° for 3 minutes. 
After centrifugation, the supernatant solution was adjusted to 
pH 8.5 and incubated with 32 units of fructose-1 ,6-diphosphatase 
as described previously (3). When the reaction was completed 
(15 minutes) as measured by fructose-6-P formation, the latter 
was isolated as a crude barium salt. After conversion to the 
sodium salt, the preparation was purified by ascending paper 
chromatography on EDTA!-washed Whatman No. 3 paper with 


* Supported in part by Research Grant No. C-3463 from the 


National Institutes of Health, United States Public Health ~ 


Service. 
1 The abbreviation used is: EDTA, ethylenediaminetetraace- 
tate. 
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Stand 
ard fructose-6-P was also applied on two sides of the paper as 4 


ethanol-acetic acid-water (8:1:2) as developing solution. 


guide. After 18 hours, the band corresponding to standard fruc- 


tose-6-P was cut from the chromatogram and eluted with water. | 
C'4-Labeled erythrulose was prepared from C-labeled fruc. 


tose-6-P in the presence of transketolase and glycolaldehyde by 
the following procedure. 
mixture contained 100 uwmoles of glycylglycine buffer, pH 7.6, 25 
moles of thiamine pyro-P, 10 umoles of MgCle, 46 umoles of 
uniformly labeled fructose-6-P, 200 umoles of glycolaldehyde, and 
17.7 units of transketolase (9 units/mg). The mixture was in- 
cubated at 37° and samples were taken every 30 minutes and 
analyzed for fructose-6-P with glucose-6-P dehydrogenase and 
hexose isomerase as described in the preceding paper (4). When 
fructose-6-P disappearance came to a standstill (usually within 
2 hours), 0.4 ml of 50% trichloroacetic acid was added and the 
mixture was centrifuged. LErythrulose was isolated by paper 
chromatography as described below. 

Separation of Glycolaldehyde, Erythrulose, and Fructose-6-P— 
Solutions containing glycolaldehyde, erythrulose, and fructose- 
6-P were concentrated to about 0.5 ml in a Rinco flash evaporator 


and separated by ascending paper chromatography on EDTA- © 
washed Whatman No. 3 paper with butanol-acetic acid-water | 
For a guidance standard, | 


(4:1:5) as developing solution (5). 
solutions of glycolaldehyde, erythrulose, and fructose-6-P were 
also applied on the paper. 
tions corresponding to the spots given by the standard reagents 
were cut from the chromatogram and eluted with water. En- 
zymic analysis of glycolaldehyde, erythrulose, and fructose-6-P 
was carried out as described in the preceding paper (4). 


Method of Counting Radioactwity— Measurements were made in 
Samples were 


a gas flow automatic counter (Nuclear Chicago). 


After 17 hours, the bands at the posi- | 


In a final volume of 3.9 ml, the reaction | 


dried on nickel-plated planchets on a lens paper disk together 


with a drop of alcohol and 0.1 ml of 0.1% agar solution. The F 
All values were expressed as § 


efficiency of counting was 15%. 
counts per minute and were corrected for self-absorption. 


RESULTS 


Exchange Reactions—The first indication for the formation of 4 : 
weakly dissociable glycolaldehyde-enzyme intermediate was ob- | 
tained from measurements of isotope exchange between radio- | 


active glycolaldehyde and nonradioactive fructose-6-P in the 


presence of transketolase. As shown in Table I, fructose-6-P © 
incubated with C™-2-glycolaldehyde and transketolase resulted 
in the appearance of C-labeled fructose-6-P. The specific activ- © 
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TABLE I 


Exchange of radioactivity between C'4-2-glycolaldehyde 
and fructose-6-P 

In a final volume of 1.0 ml, 2.3 units of transketolase (10 units/ 
mg) were incubated for 1 hour at 35° with the following reagents: 
125 umoles of glycylglycine buffer, pH 7.5, 10.5 umoles of fructose- 
6-P, 11.0 umoles of C'-2-labeled glycolaldehyde, 0.04 umole of 
thiamine pyro-P, and 0.4 umole of MgClz. The mixture was then 
diluted with 4.0 ml of water and applied to a Dowex 1-formate 
column (8 cm X 1.3sq em). Gradient elution was started with 
100 ml of water in the mixing reservoir and 100 ml of 0.5 M am- 
monium formate-0.2 m formic acid in the upper reservoir. The 
first 8.0 ml of eluate contained the glycolaldehyde and the eryth- 
rulose. The fructose-6-P eluted with the buffer was lyophilized 
and dissolved in a small volume of water. This procedure was 
repeated once more to remove most of the ammonium formate. 


Radi Specific 
Sample or Bs 
pmoles c.p.m. 
Glycolaldehyde at zero time............ 11.0 | 14,000 | 1,270 
Fructose-6-P at zero time.............. 10.5 0 0 
Fructose-6-P eluted from the column....| 5.40 | 2,500 463 
Glycolaldehyde eluted from the column..| 4.80 10.040" 
Erythrulose eluted from the column...., 4.46 


* This value represents the combined counts of glycolaldehyde 
and erythrulose which were not separated in this experiment. 


‘ity of the isolated fructose-6-P was about one-third that of the 


added glycolaldehyde. Since glycolaldehyde also served as an 
acceptor aldehyde, fructose-6-P disappeared and an equivalent 
amount of erythrulose appeared. In order to determine the 
radioactivity at C-1, the isolated fructose-6-P was degraded by 
an enzymic method which resulted in the oxidation of C-1 to CO 
(6). It can be seen from Table II that after 1 hour about one- 
half the fructose-6-P had been degraded and about one-half of the 
total radioactivity was found in the CO, collected in the center 
well. The specific activity of the residual fructose-6-P remained 
unchanged. The radioactivity was, therefore, localized at C-1 of 
fructose-6-P as was to be expected from an exchange reaction 
between “active glycolaldehyde” and C-2 labeled glycolalde- 
hyde. 

A similar exchange experiment was carried out with nonradio- 
active glycolaldehyde and labeled fructose-6-P.? It can be seen 
from Table III that glycolaldehyde became radioactive after 
incubation with radioactive fructose-6-P in the presence of trans- 
ketolase. LErythrulose, the product of ketol group transfer to 
glycolaldehyde, was also isolated and counted. The considerably 
higher specific radioactivity of erythrulose than of glycolaldehyde 
suggests the possibility that the glycolaldehyde which dissociates 
from the active site of the enzyme serves as a preferential acceptor 
aldehyde and equilibrates incompletely with the glycolaldehyde 
pool of the medium. 

Transketolase-dependent Assay of Thiamine Pyro-P—In order 
to estimate the component parts of active glycolaldehyde-en- 
zyme, it was necessary to develop a sensitive assay for thiamine 
pyro-P, the coenzyme of transketolase. Resolved transketolase, 
prepared by dialysis against 1.6 M ammonium sulfate as described 
in the preceding paper (4) and precipitated at 3 mM ammonium 


? This experiment was carried out in collaboration with Dr. H. 
Blondheim. 
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sulfate, had only 0.15% of the maximal activity (excess of thia- 
mine pyro-P) if thiamine pyro-P was omitted from the assay 
system. As shown in Fig. 1, addition of 0.02 to 0.2 mumole of 
thiamine pyro-P to this resolved enzyme resulted in transketolase 
activity proportional to the amount of coenzyme. 

Isolation of Substrate-Enzyme Intermediate—Three procedures 
have been developed for the isolation of substrate-enzyme inter- 
mediates. (a) The first procedure is precipitation with ammo- 
nium sulfate or with solvents. Although ammonium sulfate had 
been used successfully for the isolation of the acetyl and P-glyc- 
eryl intermediates of glyceraldehyde-3-P dehydrogenase (7), 


II 


Location of radioactivity in fructose-6-P isolated 
from exchange experiment 


The entire sample of fructose-6-P from the experiment in Table 
I was incubated with the following reagents in a final volume of 
2.1 ml in a Warburg flask for 1 hour at 37°: 250 umoles of Tris 
buffer, pH 7.6, 10 umoles of ATP, 15 umoles of MgCl, 0.27 umole 
of TPN, 5yumoles of oxidized glutathione, 11.3 units of crystalline 
hexokinase, 1.8 units of glucose-6-P dehydrogenase, 1.94 units of 
hexose isomerase, 1.5 units of 6-phosphogluconic dehydrogenase, 
and 1.4 units of glutathione reductase. 0.1 ml of 3 N KOH was 
placed in the center well. 


| Radioactive material Radioactivity radio- 
activity 
| umoles c.p.m. 
Fructose-6-P (zero time)........ | 5.4 2,500 463 
Fructose-6-P (after 1 hr)........ | 2.5 1,058 425 
CO: in center well. ............. | 1,073 
TaBLeE III 


Exchange of radioactivity between C-labeled 
fructose-6-P and glycolaldehyde 


In a final volume of 1.0 ml, the following reagents were added 
and incubated for 3 hours at 37°: 50 umoles of glycylglycine buffer, 
pH 7.6, 6.26 umoles of uniformly labeled fructose-6-P (640,000 
c.p.m./umole), 15 umoles of glycolaldehyde, 0.4 umole of thiamine 
pyro-P, 4.0 umoles of MgClo, and 16.1 units of transketolase (10 
units/mg). After 3 hours of incubation, the enzyme was inacti- 
vated by immersing the tube containing the incubation mixture 
in a boiling water bath for 3 minutes. After centrifugation, the 
supernatant solution was applied to a Dowex 1-formate column 
(6 cm X 1 sq cm), the column was washed with water, and 5.0 ml 
of eluate were collected in each test tube. The first two tubes 
contained approximately 680,000 c.p.m. The contents of these 
two tubes were combined and passed through a mixed bed resin 
column (4cm X 1sqem) containing equal volumes of Dowex-50- 
Na and IR-4B. Glycolaldehyde and erythrulose were separated 
from this eluate by paper chromatography as described under 
‘‘Experimental Procedure.”’ 


adi Specific 
| Sample 
pmoles c.p.m, 
Glycolaldehyde at zero time........ 15 0 0 
Fructose-6-P at zero time.......... 6.26 | 4 X 10® | 635,000 
Glycolaldehyde band after paper 
chromatography.................. 9.0 | 302,600 | 33,600 
Erythrulose band after paper chro- 
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Fig. 1. Assay of thiamine pyrophosphate. In a final volume 
of 0.25 ml, 0.3 unit of resolved transketolase (6.5 units/mg), 25 
umoles of glycylglycine buffer, pH 7.6, 2.0 umoles of MgClo, and 
varying concentrations of thiamine pyro-P were added in a 1.0- 
ml quartz cuvette and incubated at room temperature for 30 min- 
utes. The following additions were then made: 0.12 wmole of 
DPNH, 20 ug of a-glycerophosphate dehydrogenase and triose 
phosphate isomerase mixture, and water to make a final volume 
of 0.95 ml. No reaction took place until 0.05 ml of a solution 
containing 0.9 umole of xylulose-5-P and 1.3 ymoles of ribose-5-P 
was added. 


earlier experiments on transketolase with this procedure had been 
unsuccessful. The increased tendency of dissociation of the 
thiamine pyro-P at high ammonium sulfate concentrations (4) 
and the time-consuming enzyme reprecipitation and removal of 
salts may have been contributory to these negative experiments. 
However, precipitation of the active glycolaldehyde-enzyme with 
ethanol has been used successfully (2). (6) The second procedure 
is adsorption of the enzyme on a gel or ion exchange resin which 
does not interact with the substrate. Transketolase is readily 
adsorbed to calcium phosphate gel whereas excess erythrulose can 
rapidly be washed away. However, calcium phosphate or alu- 
mina gels cannot be used with substrates such as fructose-6-P 
which are adsorbed to the gel. In this case, phospho cellulose 
and carboxymethy] cellulose have proved to be valuable aids in 
the isolation of enzyme-substrate intermediates. (c) The third 
procedure is the reverse of the second and depends on the reten- 
tion of substrate on a column such as Dowex-1 while enzyme 
passes through. This procedure is particularly suited when 
highly charged compounds such as fructose-6-P are used as sub- 
strates and no enzyme inactivation occurs by treatment with the 
resin. 

Formation of Glycolaldehyde-Transketolase Intermediate and 
Transfer of Ketol Group to Glycolaldehyde—Transketolase was 
incubated for 10 minutes with C'4-labeled fructose-6-P and the 
mixture was passed through a Dowex 1-formate column as de- 
scribed in Table IV. Usually most of the enzyme activity was 
recovered in the second tube of the water eluate. Considerable 
radioactivity was found to be present in this fraction. As a 


control experiment, another sample of C'*-labeled fructose-6-P 


Mechanism of Action of Transketolase. 
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was applied to the same column and was found to be quantita. 
tively retained by the Dowex resin, thus eliminating the possibjl. 
ity of overloading of the column. 
radioactive enzyme was chromatographed after deproteinization, 


The total recovery of counts from the paper chromatogram was | 


about 75%, which is representative of the yield usually obtained 
under these experimental conditions with standard sugars. (Of 
the recovered counts, 68% were eluted from the glycolaldehyde 
region, 4% were in erythrulose, and 28% were in the fructose-6-P 
band. In Experiment 2 shown in Table IV, glycolaldehyde was 
added to the radioactive enzyme as an acceptor aldehyde. After 
deproteinization the solution was chromatographed. <A decrease 
in the recovery of counts in the glycolaldehyde region (46°) and 
an approximate equivalent increase in the erythrulose region 
(22%) were observed. There was little change in the counts in 


the fructose-6-P region. Some radioactivity was always recoy- | 


ered as fructose-6-P in spite of the fact mentioned above that fruc- 


tose-6-P added to the Dowex column after transketolase passage [ 


was quantitatively retained by the resin. It appears, therefore, 
that the enzyme effectively competes with the resin for the 
phosphorylated keto sugar. 
contamination with fructose-6-P represents only a fraction of a 
per cent of the substrate originally present and is even very 
small compared to the glycolaldehyde-moiety bound to the en- 


zyme. 


TaBLe IV 
Formation of glycolaldehyde-transketolase intermediate and transfer 
of ketol group to glycolaldehyde 
18.2 mg of crystalline transketolase (16.13 units/mg) were in- 
cubated with 3.06 uwmoles of fructose-6-P (1.61 X 10® ¢c.p.m./ 


umole), 1 umole of glycylglycine buffer, pH 7.6, 0.5 umole of thia- © 
mine pyro-P, and 5.0 umoles of MgCl: in a final volume of 0.95 © 
After 10 minutes at room temperature, the mixture was | 


ml. 
applied to a Dowex 1-formate column (9 cm X 1.1 sq cm). The 
enzyme was eluted with 20 ml of cold glass-distilled water in 
3.0-ml samples. Enzyme activity and radioactivity were meas. 
ured on suitable dilution of the water eluates. 


equal portions. 


water bath for 3 minutes. 


erythrulose, and fructose-6-P. 


| 
] Total aiter chroma 1c 
separation 86: 
after after de- 
Dowex /proteiniza-' 
column tion — Eryth- | Fruc- 
hyde rulose itose-6-P 
c.p.m. c.p.m. 
Experiment 1 | | 
Enzyme eluate.......... 24,480 21,600 | 9,740, 666. 3,960 
Experiment 2 
Enzyme eluate incu- 
bated with glycolalde- 
24,480 | 21,420 | 6.030) 2,850, 4,250 


The contents of | 
the second tube were adjusted to pH 7.6 and divided into two | 
One-half was kept at 0° (Experiment 1) while | 
the second half was incubated for 10 minutes at room temperature | 
in the presence of 10 umoles of nonradioactive glycolaldehyde and | 
50 umoles of glycylglycine buffer, pH 7.6 (Experiment 2). Both | 
samples were then deproteinized by placing the tubes in a boiling f 
After centrifugation, a small aliquot | 
of the supernatant solution was removed for thiamine pyro-P [| 
assay and the remainder chromatographed as described under } 
‘Experimental Procedure” for the separation of glycolaldehyde, 


It should be emphasized that this } 


The solution containing the | 
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Stoichiometry of Enzyme, Thiamine Pyro-P, and Glycolaldehyde 
—A small aliquot of the deproteinized solution of the experiment 
described in Table IV (Experiment 1) was assayed for thiamine 
pyro-P. As shown in Table V, about 2 equivalents of thiamine 


_ pyro-P and about 0.6 equivalent of glycolaldehyde were present 
: per mole of enzyme. The molecular weight of transketolase was 


assumed to be 140,000.* In the calculation of the glycolaldehyde 
yalue a correction for contaminating fructose-6-P was applied 
based on the data given in Table. IV. 

Formation of Glycolaldehyde-Transketolase Intermediate and 
Transfer of Ketol Group to Ribose-5-P—lIn this experiment phos- 
pho cellulose was used to separate the enzyme from excess sub- 
strate. After washing the column with water to remove fruc- 


— tose-6-P, the enzyme was eluted with 0.25 m buffer as described 


in Table VI. The second and third tube contained most of the 
enzyme together with some radioactivity. The contents of 
these two tubes were combined, adjusted to pH 7.6, divided into 
two equal portions, and processed as described in Table V, except 
that 10 umoles of ribose-5-P were added as acceptor aldehyde 
instead of glycolaldehyde. It can be seen from Table VI (Exper- 


 jment 1) that most of the counts of the radioactive enzyme after 


denaturation appeared in glycolaldehyde. Of the 70% of total 
soluble counts recovered from the paper, 79% were in glycolalde- 
hyde, 17% were in erythrulose, and 4% were in fructose-6-P. 
When ribose-5-P was added before denaturation most of the 
counts were recovered in the sugar-P region of the chromato- 


gram (65%) whereas the glycolaldehyde band now contained . 


only 28% of the counts. The erythrulose band contained less 
counts compared to the control without ribose-5-P indicating 
that some transfer had occurred from erythrulose to ribose-5-P. 
It is known that the product of the transketolase-catalyzed re- 
action with ribose-5-P as acceptor is sedoheptulose-7-P. How- 
ever, insufficient material was available in these experiments to 
identify the product. Moreover, the chromatographic procedure 
used for the separation of glycolaldehyde from erythrulose did not 
separate sedoheptulose-7-P from fructose-6-P. 


DISCUSSION 


Many enzyme-catalyzed reactions can be looked upon as trans- 
fers of one substrate (or portion thereof) to another. Frequently 
there are indications from kinetic, spectroscopic or isotope ex- 
change studies that a union between one substrate (or portion 
thereof) and the enzyme takes place which must have consider- 
able stability. In some instances, it has been shown that a 
covalent bond participates in this union, e.g. in the case of glycer- 
aldehyde-3-P dehydrogenase, P-glucomutase, and some proteo- 
lytic enzymes, and isolation of substrate-enzyme compounds has 
been achieved. It was found that the firmly attached group 
(fixed substrate) of the substrate-enzyme intermediate readily 
reacts with the second substrate (mobile substrate) to yield the 
product of the over-all reaction. In this paper, transketolase was 
demonstrated to participate in such a two-step mechanism. Re- 
cently, transaldolase was shown to incorporate free dihydroxyace- 
tone into fructose-6-P (8) and a rather stable dihydroxyacetone- 
enzyme intermediate was isolated by procedures very similar to 
those described in this paper. It is of interest to note that 
aldolase was shown by spectrophotometric methods to form a 
P-dihydroxyacetone-enzyme intermediate (9) and to catalyze a 


* The determination of the molecular weight of transketolase 
was carried out by J. Y. Chen and R. C. Warner (cf. addendum). 


A.G. Datta and E. Racker 
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TABLE V 
Components of active glycolaldehyde-enzyme intermediate 
Experimental conditions as described in Table IV. 


Components 
umole 


* Calculated on the assumption that the glycolaldehyde has 
one-third of the molar specific radioactivity of fructose-6-P. The 
counts found in the residual fructose-6-P were corrected for in 
this calculation. 

t Recovery experiments with added thiamine pyro-P gave 
satisfactory values (87%). 


TaBLeE VI 


Formation of glycolaldehyde-transketolase intermediate and 
transfer of ketol group to ribose-5-P 

Phospho cellulose (2 g) was suspended in 15 ml of 1 m K2zHPO, 
solution and kept at room temperature overnight. Next day the 
cellulose suspension was poured into a long column (1.1 em in 
diameter) and was washed with water until the effluent solution 
was about pH 7 and equilibrated with 0.005 m phosphate buffer, 
pH 6.05. 13.8 mg of transketolase (14 units/mg) were incubated 
with 3.54 umoles of fructose-6-P (7.5 10° c.p.m./umole), 1 umole 
of glycylglycine buffer, pH 7.6, 0.3 umole of thiamine pyro-P, and 
3.0 umoles of MgCl: in a final volume of 1.0ml. After 10 minutes 
at room temperature, the mixture was applied to the Phospho 
cellulose column. The column was washed with cold glass-dis- 
tilled water until no radioactivity could be detected in the efflu- 
ent solution. The enzyme was then eluted with 20 ml of 0.25 m 
glycylglycine buffer, pH 7.6, and 5 ml of eluate per test tube 
were collected. 


Total counts recovered after 
Total Total |chromatographic separation 
column Glycolal- | Eryth- 
| dehyde | rulose | Su8@t-P 
c.p.m. | c.p.m c.p.m. 
Experiment 1 | | 
Enzyme eluate...... ~~ §,050 | 4,940 | 2,769 | 590 | 130 
Experiment 2 | | 
Enzyme eluate incu- | 
bated with ribose- | 
3,050 4,800 836 204 | 1,903 


rapid incorporation of glyceraldehyde-3-P (the mobile substrate) 
into fructose-1,6-di-P (10). However, the “fixed” component, 
dihydroxyacetone-P, was also incorporated at a relatively rapid 
rate, about one-quarter that of glyceraldehyde-3-P. These 
findings suggest the possibility of a basic similarity between aldo- 
lase and the transfer enzymes, transaldolase and transketolase. 
Previous failures in various laboratories to detect free glycolalde- 
hyde in the transketolase-catalyzed reaction can now be explained 
partly by the relative slowness of glycolaldehyde release and 
partly by the fact that glycolaldehyde which is released from the 
enzyme serves as an acceptor aldehyde resulting in erythrulose 
formation. In contrast to the slow exchange reaction with the 
fixed component is the rapid exchange with the mobile glyceral- 
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dehyde-3-P in the case of both transketolase and transaldolase 
(11).4 

Thiamine pyro-P has been shown to function as the coenzyme 
of transketolase (1, 12). Breslow, working with model systems 
(13, 14), has presented evidence that the 2-position of the thiazol 
ring of thiamine is the site of formation of the ‘“‘active aldehyde.” 
Krampitz et al. (15, 16) have synthesized a-hydroxyethylthia- 
mine pyro-P and have shown that this “active acetaldehyde”’ 
forms acetoin in the presence of acetaldehyde. Dihydroxyethyl- 
thiamine pyro-P, the “active glycolaldehyde” has also been 
synthesized® but its definite identification has not been completed 
as yet. 
participation of the ‘‘active aldehyde” in the enzyme-catalyzed 
reaction, presumably because thiamine pyro-P has a high af- 
finity to the enzyme, thus resisting displacement by the active 
aldehyde thiamine pyro-P. 

It is difficult at present to assign a definite value to the ratio 
between enzyme, coenzyme, and fixed glycolaldehyde. In dif- 
ferent experiments, analysis of transketolase preparations re- 
vealed between 2 and 9 moles of thiamine pyro-P per mole of 
enzyme. However, observations presented in the accompanying 
paper (4) which indicate diffefent types of interactions between 
thiamine pyro-P and transketolase, make it unlikely that all the 
thiamine pyro-P attached to the enzyme functions catalytically. 
The finding of less than 1 mole of glycolaldehyde fixed per mole 
of enzyme (Table V) may be partly due to losses of glycolalde- 
hyde during the isolation of the substrate-enzyme intermediate 
and partly due to an unfavorable equilibrium of the reaction be- 
tween the enzyme and the ketol group donor. 

Recent reports on the isolation from natural sources of an a- 
hydroxyethylthiamine pyro-P (17, 18) should stimulate similar 
attempts to isolate the dihydroxyethylthiamine pyro-P; the 
“active glycolaldehyde.”’ | 


SUMMARY 


1. Transketolase catalyzes the incorporation of C-labeled 
glycolaldehyde into fructose 6-phosphate. In the presence of 
C'4_labeled fructose-6-phosphate and glycolaldehyde, formation 
of C'*-labeled glycolaldehyde was also shown to occur in the 
presence of transketolase. 

2. An assay for thiamine pyrophosphate depending on resolved 
transketolase is described. Between 0.02 and 0.2 mumole of 
thiamine pyrophosphate are determined in this test. 

3. Procedures for the isolation of substrate-enzyme interme- 
diates are reported. Most successful in the case of transketolase 
was the use of ion exchangers. Phospho cellulose was particu- 
larly suitable for the separation of excess fructose-6-phosphate 
from the glycolaldehyde-enzyme intermediate. 

4. The isolated glycolaldehyde-enzyme intermediate trans- 
ferred the ketol group to ribose-5-phosphate or glycolaldehyde as 


4B. L. Horecker, personal communication. 
5 L. O. Krampitz, personal communication. 


Mechanism of Action of Transketolase. ITI 


Difficulties have been encountered in demonstrating ~ 


acceptor aldehyde. On denaturation of the glycolaldehyde-ep. 
zyme, free glycolaldehyde was released. 

5. The mechanism of the transfer reaction and the role of this. 
mine pyrophosphate are discussed. 
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Addendum—Physical Properties of Transketolase by Jo-Yun Chey} 


and Robert C. Warner 


Transketolase was examined in the ultracentrifuge in 0.1 yj 
_glycylglycine buffer at pH 7.5 at a concentration of 6 mg per nj 


Vol. 236, No.3) 


It sedimented at 52,640 r.p.m. as a single component with n { 


detectable inhomogeneity. The sedimentation coefficient, sm, 
was 7.348. The molecular weight was determined by the Archi. 
bald method (19, 20). A value of 140,000 + 1,000 was obtaing 
as the average of calculations at the meniscus and bottom of the 


cell. The partial specific volume of 0.74 utilized in this calcuk. } 
tion was determined at 20° in density-gradient tubes of the typ — 


described by Linderstrém-Lang and Lanz (21). 
data a diffusion coefficient of 5.0 « 10-7 cm? sec and an f/fy of 
1.26 can be calculated. 
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The central role of p-ribulose- and p-xylulose-5-phosphates in 
carbohydrate metabolism is well established. In most organ- 
isms, pentose metabolism appears to be directed toward the con- 
version of the various five-carbon sugars into one of these two 
key intermediates (1-11). In Pseudomonas saccharophila, how- 
ever, the metabolism of the two isomers of arabinose follows an 
oxidative pathway (12, 13). This report describes a similar 
mechanism for pentose oxidation in Pseudomonas fragi. The 
stepwise utilization of D-ribose, D-xylose, D-arabinose, and L- 
arabinose by P. fragi is the same for all four substrates although 
there are some differences in the physiological and enzymological 
response of the organism to these compounds. 


EXPERIMENTAL PROCEDURE 
Methods 


P. fragi, NRRL B-25, was maintained on yeast extract-tryp- 
tone-glucose agar slants. For experimental work the organism 
was incubated aerobically at 28° in a liquid medium containing 
0.25% pentose, 0.1% NH,Cl, 0.05% MgSO,-7H.0, 0.001% 
CaCl, 0.01% ferric ammonium citrate, 0.01% corn steep-liquor, 
and 0.033 m KH.PO,.-NasHPO, buffer, pH 6.8. Although not 
required by P. fragi for growth in this medium, the corn steep- 
liquor was included because it increased rate of growth and total 
yield of cells. 

Resting cell suspensions were prepared by centrifuging liquid 
cultures which had been inoculated 16 to 20 hours earlier with a 
2% inoculum, washing the cells twice, and resuspending them 
in 0.033 m phosphate buffer, pH 6.8. Turbidity was measured 
in a Klett-Summerson! photoelectric colorimeter with a No. 66 
filter. 

Enzyme preparations were obtained either by grinding washed 
cells with alumina (14) or by sonic oscillation. In the grinding 
procedure, the protein was eluted from the alumina by gradually 
adding three parts of 0.003 m phosphate, pH 6.8. For sonic 
oscillation, the centrifuged cells were suspended in three parts of 
0.003 m phosphate buffer, pH 6.8, placed in the cup of a 10 ke. 
Raytheon magnostrictive oscillator, and irradiated for 10 min- 
utes. 

The alumina, unbroken cells, and the larger cell debris pre- 


*A preliminary report of this work was presented at the annual 
meeting of the Society of American Bacteriologists, Philadelphia, 
Pennsylvania, May 1 to 5, 1960. 

‘Mention of commercial firms or trade products does not imply 
that they are endorsed or recommended by the Department of 
—* more than other firms or similar products not men- 
loned. 


pared by either method were removed by centrifuging at 5000 x 
g for 15 minutes at 0° and discarded. The supernatant was cen- 
trifuged again at 136,000 x g for 2 hours at 0°. After decanting 
the supernatant to remove the soluble fraction, the particulate 
material was resuspended in 0.5 volume of 0.003 m phosphate, 
pH 6.8. The enzyme systems in soluble fractions were stable 
and could be stored for several months at —20° with no loss of 
activity. Enzymes in the particulate fractions were not so 
stable, but could be used for experimental work over a period of 
several weeks with only small daily losses in activity. 

Oxygen consumption and CO, evolution were measured by 
standard Warburg manometry at 30°. DPN and TPN reduc- 
tion were assayed at 340 my in a Beckman model DU spectro- 
photometer. Reactions utilizing these cofactors could be 
coupled to O2 by including in the reaction mixture a pyridine 
nucleotide oxidase from Azotobacter vinelandii (12,15). Pentose 
was measured with Bial’s color reagent (16), lactone by the 
method of Hestrin (17), pentonic acid as lactone formed by 
heating a solution in 1 N HCl (14), and a-ketoglutarate by the 
method of Friedemann and Haugen (18). 2-Keto-3-deoxy- 
sugar acids were detected with the 2-thiobarbituric acid reagent 
(14, 19). Optical rotations were measured at room temperature 
with a sodium lamp as a light source. The polariscope tube 
had a 10-cm light path and a volume of 1.6 ml. 

The 2,4-dinitrophenylhydrazones of a-keto acids were pre- 
pared for chromatography as described by Cavallini et al. (20). 
Ascending chromatography with butanol-1 saturated with 3% 
ammonium hydroxide as the solvent was used to separate and 
identify derivatives. Pentonic acids and lactones were sepa- 
rated by ascending chromatography in each of the following four 
solvents: (a) butanol-2 (washed with FeSO, to remove peroxides 
and then with water) :formic acid (95:5); (6) propanol-1 :formic 
acid: water (6:3:1); (c) methyl Cellosolve:water:concentrated 
NH,OH (80:15:5); (d) butanol: 1:pyridine-water (6:4:3). Acids 
were detected by spraying the chromatogram sheet with brom 
thymol blue (21), and lactones were located by the method of 
Abdel-Akher and Smith (22). 

Potassium p-arabonate, L-arabonate, and p-ribonate were 
prepared from the corresponding sugars by hypoiodite oxidation 
(23, 24). Ammonium p-xylonate was obtained from the Fer- 
mentation Laboratory of the Northern Utilization Research and 
Development Division. pb-Arabano-y-lactone and L-arabano- 
y-lactone were synthesized as described by Isbell and Frush 
(25). p-Xylono-y-lactone was prepared by heating decationized 
solutions of ammonium xylonate in a boiling water bath for 5 
minutes. All other chemicals were commercial preparations. 
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TABLE I 
Growth of Pseudomonas fragi on pentoses and production of pentonic acids and their lactones 
Media (100 ml) were inoculated with 1 ml of a 24-hour culture of the organism grown on a medium of the same composition. The 
cultures were incubated aerobically at 28°. At the intervals indicated, 5-ml aliquots were removed for turbidity measurements and 
chemical analyses. The figures for pentose, lactone, and sugar acid are in mM. 


p-Arabinose | L-Arabinose | p-Xylose | p-Ribose 
Hours | | Pen- | Pen 
| bidity Pentose | Lactone P — bidity Pentose Lactone | tonic bidity Pentose | Lactone ex bidity Pentose Lertena| tonic 
| | acid | ; | acid 
i 
ae 17.8 0 0 52 16.0 0 0 39 | 15.5 0 | OQ 45 17.2 0 () 
16.3 0 0.5 125 2.2 13.2 0 + 2.8 0 150 16.2 | 0.7 
| ms | 02 | | 3.4 | | Of O OF | 
ye ee | 0 0 192 11.7 0 340 | §.3 0 265 0 9.3 | 0) 
36 324 | 350 295 6.6 0 
| 
Pay pmoles K D-Arabonate A B 
300;— 300 
prabinos® 
rsenite 
3 2 
3 
ye + 2*10-°M arsenite 
oles 
ee 40 mJ 80 100 120 40 * 60 80 100 120 
inutes inutes 
D 
2 =: / d 
st 
10 pmeles jsmoles Xylonote or AT Toqenovs 10 pmoles 
40 60 80100 120 0 20 60 80100120 
inutes 


Fic. 1. Oxidation of pentoses, pentono-y-lactones, and pen- flasks contained 2.5 ml cells (13 mg of protein per ml) whereas, 


tonic acids by resting cell suspensions of Pseudomonas fragi, grown for arsenite-poisoned systems, 0.1 ml of 0.05 m Na;AsO; was 
on the parent pentose, in the presence and absence of arsenite. included. The side arms contained 0.1 ml substrate ; 0.2 ml of 20% 


In the absence of arsenite the main compartment of Warburg KOH was placed in the center well. 
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RESULTS 
Experiments with Intact Cells 


Oxidation of Pentoses in Growing Cultures—P. fragi can grow 
on either D-arabinose, L-arabinose, D-xvlose, or D-ribose as its 
sole carbon and energy source. Lactone of the pentonic acid 
accumulates in the growth media in 50 to 90% vields when the 
substrate is either L-arabinose, p-xylose, or D-ribose (Table I). 
Lactone is apparently utilized by these cells at a relatively slow 
rate after all the pentose has disappeared. On the other hand, 
with D-arabinose, only small amounts of arabonic acid accumu- 
late, none of it as lactone; subsequently the acid is rapidly utilized 
by the organism for growth. 

Oxidation of Pentoses and Pentonic Acids by Resting Cells— 
Resting cell suspensions of P. fragi oxidize the pentose upon 
which the organism has been grown, as well as the corresponding 
pentonic acid. D-Arabinose-grown cells oxidize D-arabinose, 
p-arabono-y-lactone, and p-arabonic acid at the same rates 
(Fig. 14). It has been shown that resting cells of P. saccha- 
rophila, when poisoned with iodoacetate, will oxidize D- and L- 
arabinose to pyruvic acid (12, 13) and arsenite-poisoned cells 
will oxidize L-arabinose to a-ketoglutarate. P. fragi, treated 
with 2 X 10- M arsenite, oxidizes D-arabinose quantitatively to 
a-ketoglutarate and 1 umole of oxygen is consumed per ymole 
of substrate. p-Arabono-y-lactone and potassium pD-arabonate 
are also oxidized to a-ketoglutarate by the same arsenite-poi- 
soned cells with the uptake of 0.5 umole of oxvgen per umole of 
substrate. 

Resting cells grown on L-arabinose (Fig. 1B), p-xvlose (Fig. 
1C), and p-ribose (Fig. 1D) oxidize the pentonic acids at rates 
greater than those for the sugars themselves. The sugars are 
oxidized almost quantitatively to the pentonolactones (Table 
II). In the case of L-arabinose and p-xylose oxidations, that 
portion of the sugar oxidized to lactone is unaffected (or only 
slightly so) by the presence of arsenite. The remainder of the 
pentose that does not accumulate as lactone is recovered as 
a-ketoglutarate under these conditions. Lactone formation 
from p-ribose, however, is markedly reduced by increasing 
arsenite concentrations with a corresponding increase in the 
vield of a-ketoglutarate (Table II). 

Arsenite has a second unexpected effect upon the resting cells 
grown on L-arabinose, D-xylose, and p-ribose. Instead of block- 
ing the oxidation of the corresponding aldonic acids at the a-keto 
acid level, as it does with p-arabinose grown cells, 2 * 10-3 M 
arsenite renders the cells incapable of metabolizing any of these 
pentonic acids. The concentrations of arsenite at which the 
cells can oxidize the pentonic acids are too low to permit the 
accumulation of a-keto acids. 

The apparent oxidation of the individual lactones by resting 
cells grown on L-arabinose, D-xylose, or D-ribose (Figs. 1B, 1C, 
and 1D) is probably due to the presence of small amounts of 
pentonic acids that contaminate these substrates. Lactones 
produced by oxidation of these pentoses are not utilizable sub- 
strates for resting cells (Table IT). 


Experiments with Cell-free Extracts 


Oxidation of Pentoses by Cell-free Preparations—Cell-free ex- 
tracts of P. fragt are capable of oxidizing the particular pentose 
upon which the organism has been grown. The first step with 
all substrates is the oxidation of the pentose to the y-lactone of 
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TABLE II 


Oxidation of L-arabinose, D-xylose, and D-ribose by resting cells 
of Pseudomonas fragi poisoned with arsenite* 


t-Arabinose p-Xylose D-Ribose 

2/3/28) 2/3/88) | 82 

0 14} 13.4.0 | 10/98/00 (10 7.0/0 

| 14/ 12.8102) 10/98 0 |10 73 0 
7.5X10-*m | 14/ 12.8'0.1| 10 | 9.8/0.7 10 73. 3.3 
3.8X10-?M | 14/ 11.9 1.8! 10 10.0 1.3) 10 3.9 5.6 
7.5X10-?mM | 14 | 12.1) 2.4 2.2 4.4 


¢ In the main compartment of a Warburg flask were placed 2.5 
ml of cells (13 mg of protein per ml) in 0.033 m phosphate, pH 6.8. 
To this was added 0.1 ml of a solution of Na;AsO; to such a degree 
that, upon dilution, the reaction mixture would have the desig- 
nated concentrations; 0.1 ml of 0.1 mM p-ribose or p-xylose or 0.2 
ml of 0.07 m L-arabinose were placed in the side arms; the center 
well contained 0.2 ml of 20% KOH. Upon termination of oxygen 
uptake in the flasks with the two highest concentrations of ar- 
senite, the flasks were removed and the contents assayed for lac- 
tone and a-ketoglutarate. All figures are in umoles. 

’ Pentose was not completely oxidized in this experiment. 


the pentonic acid. The lactone was identified chromatographi- 
cally. Configuration of the lactone was determined by measuring 
the change in optical rotation of a reaction mixture produced by 
alkaline hydrolysis of the product, and, from these figures com- 
puting the molecular rotation of the compound. Table III 
describes the procedure and calculations. The calculated values 
were all within 80% of the reported molecular rotations for the 
y-lactones of each of the pentonic acids. Further evidence for 
the 1:4 ring is the stability of the lactones in neutral solutions. 
The 6-lactones of each of the pentonic acids are very unstable 
and have never been isolated (27). 

The enzyme system catalyzing the oxidation of pb-arabinose 
is found in the soluble portion of a crude cell-free preparation 
from p-arabinose-grown cells (Fig. 2). It behaves as a typical 
dehydrogenase in that the system requires DPN or TPN as a 
hydrogen acceptor. The oxidation can be coupled to oxygen 
by adding a pyridine nucleotide oxidase from Azotobacter vine- 
landit. The particulate fraction from P. fragi cannot replace 
the A. vinelandii oxidase system, and it also displays no oxida- 
tive ability toward p-arabinose. To demonstrate p-arabono-y- 
lactone as the product of the dehydrogenase step, EDTA? was 
added to the reaction mixture which blocks the further metabo- 
lism of the product. 

Enzyme systems for oxidizing the other three pentoses, L- 
arabinose, D-xylose, and p-ribose, are found in the particulate 
fraction of crude cell-free preparations from cells grown on the 
homologous substrate (Table IV) and may be coupled directly 
to oxygen. The systems are stimulated by the addition of Mg**, 
but required no other cofactors for activity. Since all the en- 
zymes for the subsequent steps in the oxidation are located in 
the soluble fraction of cell-free preparations, it is not necessary 
to add any inhibitors or blocking agents to demonstrate the 
quantitative accumulation of the y-lactones. The addition of 


2 The abbreviation used is: EDTA, ethylenediaminetetraacetate. 


| j 
nd | 
id 
) 
) 
} 
| 
Pas, 
also 
0% 


632 


Pentose Oxidation 


Vol. 236, No. 3 


TaBLeE III 
Molecular rotation of lactones produced enzymatically by oxidation of each pentose by Pseudomonas fragi 
Upon completion of the oxidation, 0.1 ml of 3 N H2SO, was added to each flask, the particulate material removed by centrifuging 
at 25,000 X g for 5 minutes, and the optical rotation of the supernatant measured. At the same time, lactone and pentonic acid were 
determined. After this, 0.2 ml of 3.56 Nn NaOH was added to a 2.0-ml aliquot and the mixture was allowed tostand at room tempera- 


ture for 1 hour. 
final volume to 2.4 ml. 
at this stage, the mixture was clarified by centrifugation. 


control experiments in which the substrates were omitted, the optical rotation of the reaction mixtures was not altered by the alkali 


treatment. 
Conditions | p-Arabinose® L-Arabinose® p-Xylose? D-Ribose? 
After incubation and acidification: | 
(ec) Optical rotation of reaction mixture, degrees®......................... | +0.35 —0.31 +0.35 —0.09 
After alkali treatment and reacidification: | 
Calculations: | 
(g) Change in rotation due to alkali treatment (f — c¢).................... | —0.72 +0.59 —0.63 —0.23 
(i) Change in rotation due to increase in sugar acid (e — b) (h) (10~°).... +0.15 —0.11 —0.03 —0.13 
(j) Change in rotation due to decrease in lactone (g — i)................. —0.87 +0.70 —0.60 —0.10 
(k) Molseular rotation of lactone | 49,750 ~11,000 | +11,000 42,190 
(1) Reported value for molecular rotation of y-lactone.................... +10, 600¢ — 10, 600/ +13, 600/ +2, 660¢ 


@ Crude enzyme (0.7 ml), 0.7 ml of pyridine nucleotide oxidase, 0.1 ml of 0.1 m disodium EDTA, 0.1 ml of 0.05 m TPN, 0.6 ml of 05 
M D-arabinose, and 0.7 ml of 0.2 m phosphate, pH 6.8, were mixed and incubated aerobically at 30° for 8 hours. 

> Particulate enzyme fraction (1.5 ml) from cells grown on the homologous substrate, 0.1 ml of 0.05 m MgSQ,, 0.6 ml of 0.5 m sub- 
strate, and 0.7 ml of 0.2 m phosphate, pH 6.8, were mixed and incubated aerobically at 30° for 24 hours. 


- 


¢ Corrected for controls without substrate. 
. Corrected for volume changes. 


¢ Reference 26. Value reported for L-isomer with the opposite sign of rotation. 


Reference 26. 


° Determined on a 4% solution of NH, xylonate dissolved in 0.1 N HCl. 


TPN, DPN, and pyridine nucleotide oxidase to any of the reac- 
tion mixtures had no effect. 

Enzymatic Hydrolysis of Lactones—<A solution of each pentono- 
lactone in Tris buffer, pH 8, or phosphate buffer, pH 6.8, was 
mixed with the supernatant fraction of crude cell-free prepara- 
tions from cells grown on the parent pentose. The rate of hy- 
drolysis in the presence of the cell-free preparation was compared 
to the rate in its absence. The results obtained at pH 8 are 
reported in Table V. Only in the case of D-arabinose-grown 
cells can a lactonase be demonstrated. In the other systems, 
lactone is hydrolyzed at the same rate in the presence or absence 
of the cell-free preparation. 

Oxidation of Pentonic Acids—Although it is possible to demon- 
strate a lactonase for only p-arabono-y-lactone, enzymes capable 
of oxidizing L-arabonate, D-arabonate, and p-xylonate are present 
in the soluble fraction from cells grown on the parent pentose. 
In the fourth system (cell-free preparations from ribose-grown 
cells) the presence of any enzymes for the metabolism of ribose 
beyond the y-lactone stage could not be demonstrated. The 
other three aldonic acids are oxidized by enzyme systems utiliz- 
ing DPN or TPN as hydrogen acceptors. If the reaction is 
coupled to oxygen by including a pyridine nucleotide oxidase in 
the reaction mixture, stoichiometric amounts of a-ketoglutarate 
are formed in the presence of arsenite (Table VI). 


Incubation of pentonic acid with crude extracts unfortified 
with cofactors leads to accumulation of a 2-keto-3-deoxy sugar 
acid. The latter is oxidized to a-ketoglutarate in the presence — 
of DPN or TPN at a much faster rate than is the aldonic acid. | 
The 2-keto-3-deoxy sugar acid was not further identified, but | 
it may be assumed to be 2-keto-4,5-dihydroxyvaleric acid (13, 5 


14). 


DISCUSSION 


In 1946, Lockwood and Nelson (28) studied pentose metabo- | 


lism in pseudomonads. They reported only those organisms 
that both grew on these substrates and accumulated pentonic 
acids in the culture medium. Of the organisms studied, only 
P. fragi met these two criteria on the four pentoses: D-ribose, 
p-xylose, D-arabinose, and L-arabinose. This type of metabo- 
lism appears to be typical for hexose as well as pentose utilization 
in pseudomonads and in the acetobacter (29, 30). The present 
study has shown that P. fragi actually oxidizes the pentoses to 
y-lactones which, except in the case of D-arabinose oxidation, 
accumulate in the culture medium. In the course of p-arabinose 
utilization, hydrolysis of the lactone leads to accumulation of 
p-arabonic acid. The presence of a lactonase in cells grown 02 
p-arabinose probably accounts for the formation of the acid. 
The lack of such an enzyme in cells grown on the other three 


The reaction mixture was then adjusted to pH 1 by the careful addition of 4 n HCl and enough water to bring the | 


This treatment corresponded to diluting the original supernatant to 3.6 ml. 
The optical rotation, lactone, and pentonic acid were again measured. In 


If any turbidity had developed © 


ee 
te 
ad 

0 

We 
N: 
mi 
fré 

su 
pe 
cu 
su 
lac 

cay 

N 

th 
enz 

of 
lae 
| cel] 

| lac 
| tha 
lact 

of 
| 
TIDE 

wit 

only 

Top 
deh 

ist 


0.3 


tabo- 


risms 
tonic 
only 
bose, 
tabo- 
ation 
esent 
es to 
tion, 
nose 
on of 


March 1961 


300 


D,F,G 


20 40 60 80 
Minutes 

Fic. 2. Oxidation of b-arabinose by cell-free preparations of 
Pseudomonas fragi grown on D-arabinose. In the complete sys- 
tem, 0.5 ml of the soluble fraction of crude enzyme extract was 
added to the main compartment of a Warburg flask containing 
0.5 ml of pyridine nucleotide oxidase and 1.0 ml of 0.2 m Tris, pH 
8.0. The side arm contained 0.1 ml of 0.1 mM p-arabinose, and 0.1 
ml of 0.01 m TPN; 0.2 ml of 20% KOH was placed in the center 
well. Curve A, complete system; Curve B, plus 0.1 ml of 0.01 mM 
Na;AsO;; Curve C, plus 0.1 ml of 0.1 m disodium EDTA; Curve D, 
minus P. fragi enzyme; Curve E, plus 0.5 ml P. fragi particulate 
fraction and minus pyridine nucleotide oxidase; Curve F, minus 
substrate; Curve G, minus TPN. 


pentoses may explain why only lactone is produced by growing 
cultures and by resting cell suspensions from these individual 
sugars. If some mechanism existed for rapidly hydrolyzing the 
lactone, neither the lactone nor the sugar acid would accumulate 
since resting cell experiments clearly show that the organism is 
capable of utilizing aldonic acids at a greater rate than sugars. 
Nevertheless, a small amount of the sugar is oxidized beyond 
the lactone level. This could probably be caused by a slow non- 
enzymatic hydrolysis of lactone to the acid during the course 
of the reaction. 

Curiously, arsenite reduces the relative amount of ribono-y- 
lactone accumulating during the oxidation of ribose by resting 
cells. Since arsenite does not similarly affect L-arabono-y- 
lactone or D-xylono-y-lactone utilization, it may be concluded 
that the arsenite does not have a chemical effect on ribono-y- 
lactone, but causes some change in the physiological response 
of the organism. However, no explanation for such a change 
was obtained from experiments with cell-free extracts. 

The location of oxidases for L-arabinose, D-xylose, and pD- 
ribose in the particulate fraction of cell-free preparations agrees 
with results reported for aldose oxidases in other microorganisms 
(31-35). Soluble pentose dehydrogenases have been described 
only for D-arabinose in P. fragi, D- and L-arabinose in P. saccha- 
rophila (12, 13), and p-xylose in bovine lens tissue (36). 

The product of pentose oxidation both with soluble bacterial 
dehydrogenases and particulate oxidases has been shown to be 
y-lactone ; this result suggests that the furanose form of the sugar 
is the substrate for these enzymes. On the other hand, the 
products of hexose and disaccharide oxidation are usually 6- 
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TABLE IV 
Oxidation of L-arabinose, p-xylose, and b-ribose by cell-free 
preparations of Pseudomonas fragi grown on 
homologous pentose 


Enzyme | Substrate umoles Oz | Lactone 
pmoles | pmoles 
L-Arabinose 10 4.4 8.1 
p-X ylose 10 0.6 0 
p-Ribose 10 0 0 


* In the main compartment of a Warburg flask, 1.5 ml of enzyme 
fraction was mixed with 1.0 ml of 0.1 m phosphate buffer, pH 7, 
and 0.1 ml of 0.05 m MgSO,. In the side arm was placed 0.1 ml 
of 0.1 Mm substrate and 0.2 ml. of 20% KOH was added to the center 
well. When O, uptake stopped, 1.0 ml of 10% trichloroacetic acid 
was added to the flask contents, the precipitate removed, and 
aliquots of the supernatant assayed for lactone. 

’ Capital letters refer to the enzyme fraction. 
fraction; S, soluble fraction. 

‘ Subscript letters refer to the substrate upon which the or- 
ganisM was grown. L-a, L-arabinose, x, D-xylose, r, D-ribose. 


P, particulate 


TABLE V 
Enzymatic hydrolysis of y-lactones of pentonic acids 


Crude enzyme fraction (0.5 ml) at pH 8.0 was mixed with 1.7 
ml of 0.1 m Tris, pH 8.0. At zero time, 0.3 ml of 0.1 m substrate 


was added and the reaction mixture incubated at 30°. All figures 
are in mM. 
| p-Arabono- L-Arabono- p-Xylono- D-Ribono- 
| y-lactone y-lactone y-lactone +-lactone 
Minutes | 
Cell- 
Solubl Solubl Solubl 
| H:0 fonction H:0 fraction H20 
O | 11.7} 12.2] 15.2 | 15.2 | 14.8 | 14.5 | 14.2 | 14.3° 
15 | §.1 | 10.1 | 18.1) 13.1 | 7.7) 7.1! 9.6) 9.3 
30 3.4) 8.4), 10.3) 10.7) 5.0) 4.7) 6.7) 6.8 
60 2.1; 6.4) 6.7; 82; 2.1; 1.9; 4.0; 4.4 
TaBLe VI 


Oxidation of pentonic acids by cell-free preparations 
of Pseudomonas fragi 


At a pH of 8, 0.5 ml of soluble fraction from cells grown on the 
parent pentose was mixed with 0.5 ml of pyridine nucleotide oxi- 
dase, 0.1 ml of 0.05 m MgCl2, 0.1 ml of 0.1 m Na;AsO;, and 1.0 ml 
of 0.1 m Tris in the main compartment of a Warburg flask; 0.1 ml 
of 0.1 m substrate and of 0.01 m TPN were placed in the side arm; 
and 0.2 ml of 20% KOH was added to the center well except in 
those flasks used for CO. determinations. In the latter case, 0.2 
ml of 6 N H.SO, was added to the second side arm. 


Substrate umoles O2 CO2 
pmoles pmoles umoles 
K p-arabonate.... 10 4.9 0.2 9.8 
K t-arabonate.... 10 4.4 0.1 9.2 
NH, p-xylonate... 10 5.2 0.3 | 9.8 
K p-ribonate. .°.. 10 0 0 | 0 
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lactones (34, 35, 37-40). An exception is found in galactose 
oxidation by P. saccharophila (41) and also by Polyporus ctr- 
cinatus (42). Some of these aldose oxidases producing 6-lactones 
from hexoses are also active on pentoses (32, 35, 39, 40). It 
has not been established, however, that the enzyme systems 
oxidizing the hexoses are identical with those oxidizing the 
pentoses. The product of pentose oxidation with the aldose 
oxidases has never been previously reported. 

Soluble fractions from cell-free preparations of cells grown 
on D-arabinose, L-arabinose, and D-xylose catalyze the oxidation 
of the aldonic acid of each pentose to a-ketoglutarate with a 
2-keto-3-deoxy sugar acid, presumably 2-keto-4,5-dihydroxy- 
valerie acid, as an intermediate. This pathway is essentially 
the same as described for L-arabinose oxidation in P. saccharo- 
phila (12, 14). However, the stepwise oxidation of D-arabinose 
in P. fragi differs somewhat from that described for this isomer 
in P. saccharophila. In the latter organism, 2-keto-4,5-dihy- 
droxyvaleric acid is oxidatively cleaved between carbons 3 and 
4 to form pyruvic and glycolic acids (13). No evidence for such 
an aldolase-type oxidative sequence can be demonstrated in p- 
arabinose-grown P. fragi. It was not possible to demonstrate 
the oxidation of p-ribose beyond the lactone level in cell-free 
preparations of P. fragi grown on b-ribose. Since resting cell 
suspensions, poisoned with arsenite, oxidized ribose to a-keto- 
glutarate, it can be assumed that this sugar is oxidized by a 
pathway similar to that found for the other pentoses. 

The effect of arsenite on P. fragi is rather peculiar. Arsenite 
is ordinarily considered an inhibitor of a-keto acid oxidation. 
In P. fragi it does block the further oxidation of a-ketoglutarate 
but, in addition, it prevents the metabolism of L-arabonate, 
p-xylonate, and p-ribonate in intact cells. Since arsenite has 
no effect on the oxidation of L-arabonate and p-xylonate in cell- 
free extracts, it must be inhibiting either the penetration of these 
sugar acids into the cells or the transport of the compounds to 
the enzyme locus. It may well be that the sensitive enzymes 
carrying out these functions possess disulfide bonds, similar to 
lipoic acid, and consequently they, too, are inhibited by arsenite. 

Other mechanisms described for the metabolism of the various 
pentoses (1-11) are absent in P. fragi since no pentose isomerases 
or kinases, other than a ribose kinase, can be demonstrated. 
Ribose is phosphorylated in the presence of ATP by crude soluble 
extracts from cells grown on pD-ribose. The product is assumed 
to be ribose 5-phosphate since it is stable to heating in 1 N HCl 
for 7 minutes. Ribose 5-phosphate, however, is not oxidized 
by these cell-free preparations. Thus in the obligately aerobic 
bacteria studied to date, it appears that the mechanism of pentose 
metabolism functions via a modified Entner-Doudoroff pathway. 

Although the stepwise oxidations of each of the four pentoses 
studied are essentially the same in P. fragi, the physiological 
response of the organism to the substrates is somewhat different. 
The metabolic patterns of the cells can be separated into two 
categories. In one group are the sugars, L-arabinose, D-xylose, 
and p-ribose. The organism responds to these sugars by form- 
ing particulate oxidizing enzyme systems. No lactonases are 
formed by the cells, and the oxidation of the pentonic acids by 
the intact cells is inhibited by arsenite. As a result of the sta- 
bility of L-arabono-y-lactone at neutral pH and the absence of a 
lactonase for this compound, P. fragi is unable to utilize L- 
arabinose for growth as efficiently as the other pentoses. The 
amount of growth on p-xylose and p-ribose reflects the relative 
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instability of the respective y-lactones at the pH of the growth 
medium. 

In the other category is D-arabinose. All the enzymes neces- 
sary for the oxidation of this substrate are in the soluble fraction 
of cell-free extracts, a lactonase is present, and the oxidation of 
the aldonic acid is not affected by arsenite. P. fragi exhibits a 
longer lag period when growing on pb-arabinose, but a greater 
rate of growth during the log phase than is obtained with the 
other pentoses. 


SUMMARY 


Growing and resting cells of Pseudomonas fragi oxidize p- 
arabinose, L-arabinose, D-xylose, and p-ribose to lactones of the 
corresponding pentonic acids. L-Arabono-y-lactone, D-xylono- 
y-lactone, and p-ribono-y-lactone accumulate in the reaction 
mixtures, presumably because the cells do not possess lactonases 
active on these compounds. The accumulation of D-araboniec 
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acid instead of the lactone is correlated with the presence of a _ 


lactonase for this compound in the cells. 
sions are able to oxidize all four pentonic acids. 


Resting cell suspen- 


Cell-free preparations oxidize each pentose to the pentono-y- 


lactone. For p-arabinose, the enzyme system is soluble and 
requires DPN or TPN as a hydrogen acceptor. The enzymes 
oxidizing the other three pentoses are located in the particulate 
fraction and are coupled directly to oxygen. The next step is, 
undoubtedly, a delactonization, but only in the case of p-arabono- 
y-lactone can it be shown to be an enzyme-catalyzed reaction. 
It has not been possible to demonstrate the oxidation of ribose 
beyond the lactone level in extracts. Aldonic acids of the re- 
maining three pentoses are dehydrated to a 2-keto-3-deoxy sugar 
acid (probably 2-keto-4,5-dihydroxyvaleric acid) which, in turn, 
is oxidized to a-ketoglutaric acid. The enzymes catalyzing these 
steps are all located in the soluble fraction of cell-free extracts 
and require either DPN or TPN for activity. 
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Several reactions in which uridine diphosphate glucose acts 
as a glucose donor have been described. The products of these 
reactions are: trehalose phosphate (1), sucrose (2), sucrose phos- 
phate (3), bacterial cellulose (4), callose (5), glucosides (6), and 
glycogen (7-9). In a previous paper (10), it was reported that 
the starch granule fraction of plant tissue catalyzes the incorpo- 
ration of the glucose moiety of uridine diphosphate glucose into 
starch. The results of enzymic degradation of the reaction 
product were consistent with the following formulation: 


UDP-glucose + acceptor — UDP + a(1 — 4) glucosyl-acceptor 


Furthermore, it was reported that sucrose, glucose 1-phos- 
phate, and glucose 6-phosphate were either ineffective or inferior 
to uridine diphosphate glucose as glucose donors. Further work 
on the subject is reported in this paper. 


- 


EXPERIMENTAL PROCEDURE 


Substrates—UDP-glucose was obtained according to Pontis 
et al. (11). Radioactive UDP-glucose was prepared by incuba- 
tion of glucose-6-P-C“ with UDP-glucose and Saccharomyces 
fragilis extract and isolated by paper chromatography (12). 
Malto-oligosaccharides were prepared by hydrolysis of amylose 
(13) and separation by a charcoal-Celite column (14). Radio- 
active samples of these oligosaccharides labeled at the reducing 
glucose unit were obtained from glucose-C™ with p-enzyme and 
soluble starch (15) and separated by paper chromatography. 

Preparation of Enzyme—Active extracts have been obtained 
from young potatoes, sweet corn, and beans. A preparation of 
the latter was used in all the experiments described in this pa- 
per. The procedure was as follows. Freshly harvested im- 
mature dwarf beans (Phaseolus vulgaris Bountiful) were peeled, 
and the cotyledons and embryos were ground in a mortar with 
2 volumes of water. The coarse material was removed by 
straining through cheese cloth, and the suspension of starch 
granules was centrifuged for 5 minutes at 3000 r.pm. The 
white sediment was suspended in several volumes of water and 
recentrifuged. After the procedure had been repeated three 
times, the starch granules were suspended in 4 volumes of ace- 
tone at —15° and centrifuged at 0°. The latter procedure was 


* This investigation was supported in part by a research grant 
(No. G-3442) from the National Institutes of Health, United 
States Public Health Service, by the Rockefeller Foundation and 
by the Consejo Nacional de Investigaciones Cientificas y Técnicas. 

+ This work was earried out during the tenure of a postdoctoral 
fellowship from the University of Buenos Aires. 


repeated three times, after which the starch granules were dried 
in a vacuum. 

Measurement of Enzyme Actwity—The standard reaction mix- 
ture, unless otherwise indicated, contained (in wmoles): UDP- 
glucose, 0.3; EDTA," 0.1; glycine buffer at pH 8.4, 4; and 5 mg 
of enzyme preparation. The total volume of fluid was 14 ul. 
After incubation at 37°, UDP formation, radioactivity, or both, 
were measured as follows. 

UDP Formation—The pyruvate kinase procedure described 
previously was used (9). When the bean enzyme preparation 
was heated in order to stop the reaction, starch paste was formed 
which made difficult the subsequent mixing with the reagents, 
Therefore, in most experiments, the phosphopyruvate and py- 
ruvate-kinase were added without inactivating the starch-form- 
ing enzyme. 

Radioactivity Measurements—(a) Starch: After enzyme action, 
0.5 ml of 50% ethanol was added and the suspension was cen- 
trifuged. The supernatant fluid containing oligosaccharides was 
set aside. The white precipitate was washed four times with 
0.5 ml of 50% ethanol and then suspended in 0.4 to 0.5 ml of 
water, heated for 10 minutes at 100° in order to disperse the 
starch. Suitable aliquots were then plated on aluminum disks 
and counted with a gas flow counter (Tracerlab, Inc.). No cor- 
rection was applied for self-absorption. 

In experiments in which oligosaccharides were formed, it was 
observed that they were not removed completely from the starch 
by the above mentioned procedure. Therefore, in some experi- 
ments, the starch granules were first ruptured by heating in 0.2 
ml of 0.1% NazSO, during 10 minutes at 100°, 2 volumes of 95% 
ethanol were added, and the suspension was centrifuged. The 
supernatant fluid was used for oligosaccharide estimation. The 
precipitate was redissolved in dilute Na2SOx, as before and re- 
precipitated. After the procedure was repeated four times, an 
aliquot was plated for measuring radioactivity. 

(b) Oligosaccharides: The supernatant fluid obtained after 
the starch was centrifuged off as described above was diluted with 
1 volume of water and passed through a column 0.5 cm diameter 
< 5 em long of mixed-bed resin (Amberlite MB 3, acetate). 
The percolate was concentrated and either plated on aluminum 
disks for measuring the radioactivity or spotted on paper for 
chromatography. The solvent used was_ butanol-pyridine- 
water (6:4:3) (16), and the paper used was Whatman No. | 
or 4. The times of development were, respectively, about 48 


1 The abbreviation used is: EDTA, ethylenediaminetetraace- 


tate. 
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and 16 hours. Known samples of oligosaccharides were run 
at the same time and located with silver-NaOH (17). The 
radioactivity was measured (a) by cutting 1-cm strips, eluting 
with water, and plating on aluminum disks, (b) by introducing 
the paper strips directly in a gas flow counter, (c) by scanning 
automatically with a Nuclear-Chicago model D-47 gas flow 
counter fitted to C-100A actigraph II, (3 in collimator). The 
relative number of counts obtained in procedures a, 6, and c 
were, respectively, about 100, 40, and 30. 

Separation of Starch Components—The starch (5 mg) was 
defatted by washing three times with 1 ml of hot methanol and 
then was suspended in 1 ml of water. The suspension was 
heated at 100° and homogenized intermittently in a tightly 
fitting small glass homogenizer for 1 hour. A small precipitate 
was removed by centrifugation, and 0.01 ml of 10% thymol in 
ethanol (18) was added. After 3 days at room temperature, the 
precipitate (amylose fraction) was separated from the super- 
natant (amylopectin fraction). 

Bromine Oxidation—The oligosaccharides separated by paper 
chromatography were eluted with water. An aliquot (0.5 ml) 
was treated with Bre and BaCQs; as described by Smith and 
Srivastava (19). Excess Bre was removed by aeration, the 
solution was passed through a cation exchange resin (Dowex 
50-H+), and hydrolysis was carried out in 1 N HCl at 100° for 
1 hour. The solution was concentrated under reduced pressure 
and dried in a desiccator over NaOH. After the residue was re- 
dissolved and neutralized with KOH, paper chromatography 
was carried out with butanol-pyridine-water (16) as solvent. 
The zones corresponding to glucose and gluconic acid were then 
counted directly on the paper with a gas flow counter. 

Borohydride Reduction—The samples obtained as for bromine 
oxidation were treated with borohydride as described by Walker 
and Whelan (15), hydrolyzed, and chromatographed on paper 
with ethyl acetate-boric acid-acetic acid as solvent. The sor- 
bitol and glucose zones were then counted as described before. 
In this procedure, as with Br oxidation, the losses were consider- 
able when small amounts (about 1 wmole) of oligosaccharides 
were used. In every case, known samples of labeled oligosac- 
charides were run at the same time. 


RESULTS 


Properties of Enzyme—The dried enzyme preparations could 
be stored for several months at — 15° without appreciable loss of 
activity. Grinding the enzyme in the dry state or in buffer 
solutions led to complete inactivation. The dry enzyme resisted 
heating for 5 minutes at 100°. Suspended in water, about 25% 
of the activity was lost in 5 minutes at 50° and about 80% at 60°. 
Many attempts to extract the enzyme from the starch granules 
with different buffers, digitonin, or detergents gave negative 
results. The addition of EDTA (0.01 m) did not affect the ac- 
tivity and neither did 0.01 m Mgt+. The pH optimum was 
found to be about 8.2 in glycine or glycyl-glycine buffer and 
about 7.5 in phosphate buffer (Fig. 1). The rate of reaction 
increased with increasing amounts of enzyme (Fig. 2), but the 
response was not quite linear. The activity of the enzyme in- 
creased with temperatures up to 45° (Fig. 3), at which tempera- 
ture the rate of reaction fell with time. At 37°, the reaction 
followed a linear course up to at least 4 hours, when the starch 
granules were not allowed to sediment either by shaking or by 
keeping the fluid volume low in relation to the amount of solids. 


T T T T T T T T T 
w 30 - 
= 
E 
~— 20 F 
= 
10+ 
a 
Ss 
0 L Ll i L i 
5 6 7 8 9 10 
pH 


Fie. 1. pH optimum. O——O, glycyl-glycine; #—4, gly- 
cine; @——®, phosphate buffer. The enzyme preparation (2 mg) 
was incubated for 2.5 hours (in wmoles) with: UDP-glucose, 0.32; 
EDTA, 0.1; and buffer indicated, 2. Total volume was l4yul. Be- 
fore UDP was measured, 4 umoles of glycine buffer of pH 8.4 were 
added in order to correct for any change of pH that might affect 
the pyruvate kinase reaction. . 
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Fig. 2. Proportionality between action and amount of enzyme. 
The amounts of enzyme preparation indicated were incubated 1.5 
hours at 37° with the standard reaction mixture. 
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Fig. 3. Effect of temperature. The enzyme preparation (2 mg) 
was incubated (in uzmoles) with: UDP-glucose, 0.32; glycine, pH 
8.2, 2; and EDTA, 0.05. Total volume was 16 yl. 
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Fic. 4. Effect of UDP-glucose concentration. The standard 
reaction mixture with 2 mg of enzyme and variable amounts of 
UDP-glucose was incubated. The rates were calculated from 
straight lines joining the results of 1-, 2-, and 3-hour incubation 
periods. 


Thus, with 15 ul of liquid for 5 mg of dry enzyme preparation, 
no visible sedimentation occurred during incubation. 

The K,, for UDP-glucose was found to be about 6 x 10° 
(Fig. 4). 

The main component of the enzyme preparation is starch. 
The protein content was found to be 3 ug per mg when measured 
with the method of Lowry et al. (20) after heating the starch 
granules 10 minutes at 100°. If the heating was omitted, the 
results were about 50°; lower. 

Separation of Amylose and Amylopectin—In the previous pa- 
per (10), it was reported that after incubation of UDP-glucose- 
C4 with the enzyme preparation, the radioactivity was trans- 
ferred to starch and could be recovered as maltose by treatment 
with a- or B-amylase. These results showed that the glucose 
transferred from UDP-glucose becomes joined in a(1 — 4) link- 
age but did not give information as to which of the two starch 
components, amylose or amylopectin, was the glucose acceptor. 
An experiment designed to clear this point is shown in Table I. 
Some difficulty was experienced in achieving the complete sol- 
ubilization of the starch granules. By simultaneous heating 
and mixing in a small glass homogenizer, solubilization was 
fairly good, and practically no radioactivity remained in the 
insoluble fraction. Subsequent separation with thymol gave the 
results appearing in Table I. It may be observed that the ap- 
proximately equal amounts of radioactivity were found in the 
amylose and amylopectin fractions. The specific activity was 
about 3-fold higher in the former. However, it does not seem 
that any clear-cut conclusion can be drawn from these experi- 
ments, as to whether amylose is the precursor of amylopectin, 
or vice versa, or if both act as direct glucose acceptors from UDP- 
glucose. 

Glucose Transfer to Oligosaccharides—It was found that the 
bean enzyme preparation catalyzed the transfer of glucose from 
UDP-glucose to malto-oligosaccharides. The process was stud- 
ied in two ways, (a) with labeled UDP-glucose and unlabeled 
oligosaccharides, (b) with labeled oligosaccharides and unlabeled 
UDP-glucose. 

(a) Labeled UDP-glucose—As shown in Fig. 5, the addition of 
maltose or maltotriose to the enzyme and UDP-glucose-C™ was 
found to lead to the formation of substances which migrated on 
paper as the corresponding higher oligosaccharides. Thus, ad- 
dition of maltose gave mainly maltotriose and some tetraose 
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and pentaose. Likewise, addition of maltotriose led to the 
formation of mainly tetraose and some pentaose and hexaose. 


In other experiments, the radioactivity in the total oligosac- | 


charides was measured by first removing the starch by precipita- 
tion with ethanol and the UDP-glucose-C" with an ion exchange 
resin. One such experiment is shown in Table II. Addition of 
maltotriose to the enzyme and UDP-glucose-C™ increased UDP, 


led to the appearance of oligosaccharides, and decreased incor. 


poration of radioactivity into starch. Glucose also decreased 
starch formation, but without giving rise to oligosaccharides, 
Other saccharides such as fructose, sucrose, cellobiose, gentio- 


biose, and salicin did not lead to oligosaccharide formation (Ta- ~ 


ble II). In other experiments, glycogen was tested as glucose 
acceptor with negative results. 

The different saccharides of the maltose series from glucose to 
maltopentaose were tested with the results shown in Table III. 
In that experiment, the starch was solubilized and reprecipitated 
several times in order to free it completely from oligosaccharides, 
All of the added saccharides were found to decrease the incor- 
poration of glucose in starch and with the exception of glucose 
they all led to the formation of oligosaccharides. It appears 
therefore that glucose inhibits the enzyme and that the di- and 


TaBLeE 
Separation of starch components 

The standard reaction mixture, containing 0.32 umole of UDP- 
glucose-C'* (17,000 ¢.p.m.), was incubated for 3 hours at 37° 
The starch granules were washed with 50% ethanol and treated 
as described in ‘‘Experimental Procedure’’ for the separation of 
starch components. The two fractions were then analyzed for 
radioactivity and glucose content (21). 


| Radioactivity Glucose content Specific activity 
c. p.m. pmoles c.p.m./pymole of glucose 
Amylose........ | 1100 6.6 166 
Amylopectin.... 980 19.0 51 
Mo G 
400 q 
300 F 
M3 
200F 
100 F 
100 Me 
uppc-c'4 
0 
200 Ms M3 Mo 
uopc-c'4 + 
100 Fr 4 
0 5 10 15 20 25 30 
cm 


Fic. 5. Labeled UDP-glucose and unlabeled maltose and malto- } 


triose. The standard reaction mixture (in wmoles) with: 0.22 of 
UDP-glucose-C™ (12,000 c.p.m.) plus 5 of maltose or 1 of malto- 
triose was used. The incubation lasted 1.5 hours except the mal- 


totriose samples which were incubated 3 hours. After paper 
chromatography, the different zones were eluted and counted. : 


The abbreviations used are: Me, maltose; M3, maltotriose; Ms 


maltotetraose; and M;, maltopentaose. 
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TABLE II 
Glucose transfer from UDP-glucose-C'4 to saccharides 


The standard reaction mixture, containing 0.22 umole of UDP- 
glucose-C'! (12,000 c.p.m.), was incubated for 3 hours with 1 
pmole of additions indicated. Results are in myumoles. 


Oligosac- | 
‘ent | Addition charides Sum | 
| | 
1 | None 8.3 2.6 10.9 9.2 
_ Glucose 4.2 1.0 5.2 | 5.7 
_ Maltotriose 4.7 16.2 20.9 21.5 
2 None 14.0 3.0 | 15.0 | 
Fructose 12.6 3.3 15.0 
Gentiobiose 0.7 | 8.4 


* Calculated from radioactivity of starch washed with 50% 
ethanol. 

+ Calculated from radioactivity of the fraction soluble in 50% 
ethanol and not removed by mixed-bed resin. 

t Measured with pyruvate kinase. 


TaBLeE III 
Glucose transfer from UDP-glucose-C'! to oligosaccharides 
The standard reaction mixture, containing 0.53 wmole of UDP- 
glucose-C!* (7300 c.p.m.), was incubated for 3 hours. The starch 
was heated and precipitated with ethanol as described in ‘‘E:xperi- 
mental Procedures.’’ The background counts were subtracted. 


Additions Starch Oligosaccharides | Sum 

| c.p.m c.p.m. 

| 
None (t = O)........| 0 48 | 48 
700 64 | 764 
O ERE 610 775 1385 
Maltotriose.......... 284 930 1214 
Maltotetraose........ 370 894 | 1264 
Maltopentaose....... 304 634 | 938 


higher saccharides compete as acceptors with the starch present 
in the granules. 

(b) Labeled Oligosaccharides—Many experiments were carried 
out with the use of labeled glucose, maltose, maltotriose, and 
maltopentaose, with and without unlabeled UDP-glucose. 

Incubation with labeled glucose, with or without added oligo- 
saccharides, did not give rise to the incorporation of radioactivity 
in starch or in oligosaccharides. 

Incubation of the enzyme with labeled maltose, maltotriose, 
or maltotetraose and UDP-glucose gave rise to a definite forma- 
tion of the corresponding higher saccharides. None were formed 
without UDP-glucose. 

A representative experiment with radioactive maltotriose is 
shown in Fig. 6, and one with maltotetraose appears in Fig. 7. 

Incubation with radioactive maltotriose either with or with- 
out UDP-glucose did not lead to any incorporation of radioac- 
tivity in the starch. Therefore, oligosaccharides do not seem 
to be intermediates in the transfer of glucose from UDP-glucose 
to starch. 
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Successive Action of UDP-Glucose and Maltose—Since it 
seemed possible that the transfer from UDP-glucose to oligo- 
saccharides might occur in two steps, that is first from UDP- 
glucose to starch and then from starch to oligosaccharides, the 
experiment shown in Table IV was carried out. In a first incu- 
bation, the starch was made with radioactive with UDP-glucose- 
C4, and it was then washed and incubated with maltose. It 
may be observed in Table IV that no radioactivity was trans- 
ferred to maltose from starch (tube 1) and that the control (tube 


150 F 
100 F M3-c'4 
50 - 
0 
Me M3 G 
150 F 
a 
100 F M3-c'4 7 
sor 7 
0 — —— 
Ms My M3 Mo 
150F 4 
100 Fr M3-c'4 + UDPG 
0 5 10 15 20 
ecm 


Fic. 6. Labeled maltotriose and unlabeled UDP-glucose. 
Standard reaction mixture plus 0.045 umole of maltotriose-C™ 
(5600 c.p.m.). Time of incubation was 3 hours. After paper 
chromatography, the radioactivity was scanned automatically. 
Abbreviations are as in Fig. 5. 


50+ 
0 5 10 15 20 25 


cm 

Fic. 7. Labeled maltotetraose and unlabeled UDP-glucose. 
Conditions as in Fig. 6, with 0.04 umole of maltotetraose-C™ (5000 
c.p.m.) instead of maltotriose-C™. Abbreviations are as in Fig. 5. 
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3) showed that the enzyme was active during the second incuba- 
tion. 

Structure of Oligosaccharides—Inasmuch as the oligosaccharides 
produced by enzyme action were formed from a(1 — 4)-linked 
acceptors and not from others and because their behavior dur- 
ing chromatography on paper was identical with that of the 
a(1 — 4) series, it seems reasonable to assume that they all be- 
long to that series. 

Some experiments were carried out in order to find out whether 
the glucosyl] group added from UDP-glucose became attached 
to the reducing or to the nonreducing end of the acceptor. The 
reducing sugar unit is transformed into sorbitol by borohydride 
reduction and hydrolysis and into gluconic acid by bromine 
oxidation and hydrolysis. The results of these procedures ap- 


TABLE IV 
Successive action of UDP-glucose and maltose 

The standard reaction mixture, containing 0.15 nymole of UDP- 
glucose-C'* (8000 ¢.p.m.), was used. After the first incubation 
(2.5 hours), the enzyme was washed twice with 0.5 ml of water 
and reincubated for 3 hours with buffer and the different addi- 
tions. Finally, 0.5 ml of 60% ethanol was added. The soluble 
fraction was passed through mixed-bed resin and counted (oligo- 
saccharide fraction). The insoluble fraction was washed 4-fold 
with 60% ethanol (starch fraction). 


Additions during 


| | Oligosac- 
Tube | Starch charide 
| First incubation Second incubation | | fraction 
| c.p.m 
1 | UDP-glucose-C' Maltose 620 4 
2  UDP-glucose-C' | 560 £20 
3 UDP-glucose- | 400 |° 260 
C'4 + maltose | 
4 | UDP-glucose-C'4 | 520 : 70 


TABLE V 
Borohydride reduction and bromine oxidation of oligosaccharides 
The samples obtained by incubating maltotriose with UDP- 
glucose-C!4 (Fig. 5) or maltotriose-C'* with UDP-glucose (Fig. 6) 
with the enzyme were treated as described in ‘‘Experimental 
Procedure.’ The sample of maltotriose-C'! prepared as de- 
scribed under substrates was labeled at the reducing glucose unit. 


| 


Radioactivity 


Substance studied 
Gluconic 
Glucose | Sorbitol 


c.p.m. | c. p.m. | c.p.m. 
Borohydride reduction | | 
M,* from UDP-glucose-C'* + M; 
M; from UDP-glucose-C'* + M; 70 
M, from UDP-glucose + M;-C'4 | 
M; from UDP-glucose + M;-C'4 14 | 147 
M;-C'* (4000 ¢.p.m.) | 16 | 417 


Bromine oxidation | | 

M, from UDP-glucose + M;-C'4 | 82 
M; from UDP-glucose + M;-C' ee | 120 
M;-C'* (1000 ¢.p.m.) | 10 | 290 
* The abbreviations used are: M;, maltotriose; M,, malto- 


tetraose; and M;, maltopentaose. 
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plied to oligosaccharides obtained by enzyme action (Table V) 
are those expected if the glucosyl group from UDP-glucose be- 
came attached to the nonreducing end of the acceptor. 


DISCUSSION 


There is evidence that in animal tissues, glycogen is synthe- 
sized by glucose transfer from UDP-glucose (8) and not from 
glucose-1-P as was believed. It has been pointed out that at 
least in some plant tissues (22), the ratio of inorganic phosphate 
to glucose-1-P is too high for the synthesis of starch via phos- 
phorylase. Therefore, the finding of an enzyme which transfers 
glucose from UDP-glucose to starch may lead to a reinterpreta- 
tion of present knowledge, and it may turn out that phosphory]- 
ase is mainly involved in starch breakdown. 

The bean enzyme preparation which consists mainly of starch 
and has a very low protein content (3 wg per mg) was found to 
catalyze the transfer of glucose from UDP-glucose to starch and 
also to added maltose, maltotriose, or maltotetraose. The 
preparation appeared to be free from p-enzyme because it did 
not catalyze an exchange of radioactivity between glucose and 
oligosaccharides (15). 

The K,, for UDP-glucose was found to have a very high value 
(6 X 10-*) in relation to other enzymes; for instance, a value of 
5 X 10-4 was obtained for UDP-glucose glycogen transglucosyl- 
ase (9). However, it should be noted that the starch-synthe- 
sizing system consists of particles so that diffusion factors may 
be involved. 

An interesting feature of the process is that it takes place in 
whole grains in which presumably the structural relation be- 
tween enzyme and polysaccharide is the same as in the intact 
plant tissue. 


SUMMARY 


An enzyme has been detected in a bean starch granule prepa- 
ration which catalyzes the following reaction, in which UDP is 
uridine diphosphate: 


UDP-glucose + acceptor — UDP + a(1 — 4) glucosyl-acceptor 


The acceptor may be starch or a di- or oligosaccharide of the 
maltose series. Other disaccharides such as sucrose, cellobiose, 
gentiobiose, salicin, fructose, or glucose did not act as acceptors. 
Glucose inhibited enzyme activity. 

The conditions for maximal activity have been determined. 
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Although obesity implies excessive storage of fat in adipose 
tissue, the possibility that a metabolic anomaly of this tissue 
might underlie at least certain forms of obesity has received 
relatively little attention. Recent emphasis in several labora- 
tories upon the importance of adipose tissue as a site of metabolic 
homeostasis for carbohydrates and fats clearly suggests that a 
re-evaluation of this possible mechanism for the production of 
obesity is in order. For the initial study of this series, the au- 
thors have selected two types of obesity in mice, both rather 
clearly defined and etiologically distinct. The first of these is 
the hereditary obese-hyperglycemic syndrome first reported by 
Ingalls et al. (1) and extensively studied by Mayer et al. (2-4). 
The second is the obesity syndrome which follows the adminis- 
tration of goldthioglucose and which is probably the secondary 
result of hyperphagia associated with the hypothalamic lesions 
induced by this agent (5, 6). 


EXPERIMENTAL PROCEDURE 


Male obese-hyperglycemic mice and their nonobese litter- 
mates were obtained from the Roscoe B. Jackson Memorial 
Laboratory in Bar Harbor, Maine. Swiss mice were obtained 
from Gordon Graham, Melrose, Massachusetts. Goldthioglu- 
cose obesity was induced by the intraperitoneal injection of 1 
mg of goldthioglucose per g of body weight as previously de- 
scribed (5). All animals were fed Ralston-Purina laboratory 
chow ad lintum. The age of the obese-hyperglycemic mice 
ranged from 3 months (young adult) to 1 year. Because obesity 
increases with age, three separate groups of animals have been 
considered, animals weighing from 30 to 40 g, animals weighing 
from 40 to 50 g, and animals weighing 50 g and over. This 
corresponds roughly to ages of 3, 4, and 5 to 12 months, respec- 
tively. The nonobese littermates weighed between 20 and 35 g. 


* Supported in part by grants-in-aid from the Nutrition Founda- 
tion, Inec., New York; the Massachusetts Lions Eye Research 
Fund; the United States Public Health Service Research Grants 
A-2640, A-49, and H-2096; and the Fund for Research and Teach- 
ing of the Department of Nutrition, Harvard School of Public 
Health. 
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International Cooperation of Administration under a program 
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t Recipient of a Research Fellowship from the Dazian Founda- 
tion for Medical Research, New York, New York. 


The obese Swiss mice weighed between 50 and 70 g and were 


approximately 8 months old. 


Epididymal adipose tissue was obtained with minimal trauma | 


as previously described in rats (7). One or two fragments weigh- 
ing between 70 and 300 mg were obtained from each pad. Mes- 


enteric adipose tissue was stripped from the intestine by gentle | 
Incu- 


tearing and the mesenteric lymph nodes were removed. 
bations were carried out at 37° in 3 ml of Krebs-bicarbonate 


buffer for 3 hours. Glucose concentration was 20 mm per liter 
unless otherwise stated. Concentrations of insulin and growth © 
hormone were 0.1 unit per ml and 1 mg per ml, respectively. — 


When lower concentrations of insulin were used, gelatin was 
added to insure even distribution of the hormone, as previously 
described (8). Insulin containing less than 0.1 wg of glucagon 
per mg was obtained from Dr. W. R. Kirtley, Lilly Research 
Laboratories, and bovine growth hormone from the Endo- 
crinology Study Section, of the National Institutes of Health 
(N.I.H.-B.G.H.-1). Glucose-1-C™ and glucose-6-C™ were ob- 
tained from New England Nuclear Corporation or Nuclear-Chi- 
cago Corporation and were chromotographically pure. 


When 


radioactive substrates were used, approximately 1 we was pres- 


ent in each flask. 
At the end of the incubation, the specific activity of carbon 
dioxide present in the medium was estimated from a samp! 


collected in alkali and precipitated as barium carbonate (7). | 
Tissue lipids were extracted with chloroform-methanol (2:1), | 
purified according to Folch (9), and saponified with alcoholic | 


potassium hydroxide. After acidification of the aqueous solu- 


tion, the long chain fatty acids were extracted with petroleum | 
ether. Glyceride-glycerol remained in the aqueous solution and | 


its two a-carbon atoms were oxidized to formaldehyde with 
periodic acid. After neutralization, this formaldehyde was 
precipitated as formaldimedone (10). After extraction, the 
adipose tissue residue was digested in 30% potassium hydroxide; 
one-fifth of the digest was used for nitrogen determination by 4 


micro-Kjeldahl procedure. To the remaining four-fifths of the _ 
digest, 10 mg of carrier glycogen were added. Total glycogen © 
was then precipitated, subjected to acid hydrolysis, and the 
From esti- 
mation of the total amount of CO, fatty acids, triglyceride , 


resulting glucose was isolated as the glucosazone. 


glycerol, and glycogen present at the end of the incubation, and 
from the specific activity of aliquots of these substances, the 
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incorporation of carbon 1 and carbon 6 of glucose into COs, 
fatty acids, glyceride-glycerol, and glycogen were calculated. In 
the case of glycogen, the amount present in the tissue was small 
in relation to the carrier glycogen and was neglected. 

The methods used for chemical determination and analysis of 
radioactivity were identical with those previously described in 
more detail (7, 10-12). All results have been expressed in terms 
of micromoles of glucose disappearing from the medium, or in 
terms of microatoms of carbon 1 or carbon 6 of glucose metab- 
olized per 3 hours, and have been referred to tissue nitrogen. 


RESULTS 
I. Obese-hyperglycemic Mice 


Epididymal Adipose Tissue—Table I illustrates the differences 
in adipose tissue composition observed in the obese-hypergly- 
cemic mice and their nonobese controls. Each epididymal fat 
pad of the obese-hyperglycemic animals was approximately 5 
times heavier than the pads obtained from the control group, 
and also represented a larger portion of total body weight. On 
a weight basis, the fatty acid content differed only little for 
epididymal adipose tissue from obese and nonobese animals; 
indeed, there was no difference for the heaviest (and oldest) 
group. However, a shift in nitrogen content occurred in aging 
obese animals; there was less nitrogen per gram wet weight of 
tissue in young obese mice than was true for their lean littermates, 
whereas the reverse was observed in the older animals. Further- 
more, in all animals the decreased nitrogen content was not 
sufficient to offset the increased total mass. As a result, the 
total nitrogen content of the epididymal fat pad of young obese 
mice was increased 3-fold, and it was increased 7-fold in the old 
obese mice, when compared to the respective nonobese siblings. 
A change in the macroscopic aspect of aging adipose tissue of 
obese-hyperglycemic mice was apparent, the tissue turning from 
whitish to yellowish and becoming more resilient. 

Glucose Uptake—Table II summarizes the data obtained for 
the uptake of glucose by adipose tissue from obese-hyperglycemic 
mice and from their nonobese controls, in the presence of in- 
creasing concentrations of insulin as well as in the presence of 
increasing concentrations of glucose. The uptake of glucose by 
adipose tissue from obese-hyperglycemic animals was about one- 
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third that of adipose tissue from the controls, except for the 
values obtained in the presence of 80 mM glucose. Qualitatively, 
however, the response of adipose tissue to increasing insulin 
concentrations or to increasing glucose concentrations was similar 
in both groups. 

Metabolism of Glucose-1-C and Glucose-6-C'4%—Table III 
demonstrates that epididymal adipose tissue from obese-hyper- 
glycemic animals oxidized less glucose carbon atoms 1 and 6 to 
CO, and incorporated less of these glucose carbons into fatty 
acids, glycerol, and glycogen than the tissues obtained from 
their nonobese controls. With the exception of the oxidation of 
glucose carbon 6, which was impaired to a lesser extent, this 
decreased metabolic activity approximated one-half the control — 
values. Glucose metabolism was impaired to a greater extent 
in the older (heavier) animals than in the younger (lighter) ones. 
As shown further on, in Table V, in some groups of young obese 
animals glucose metabolism (with the possible exception of 
incorporation of glucose carbon into glyceride-glycerol) was very 
nearly normal. In heavier obese animals (40 to 49 g), on the 
other hand, glucose oxidation and lipogenesis from glucose 
averaged only one-third that of the controls. No such variation 
with age was observed in the nonobese siblings. It should be 
pointed out that the recovery of carbon atoms | and 6 totals 
only approximately one-third of the glucose utilization values 
reported in Table II, in contrast to recoveries approximately 
twice as great for uniformly labeled glucose-C“ metabolism by 
rat adipose tissue (7). However, the glucose uptake figures 
were not obtained with the same tissues. Also, randomization 
of glucose carbon through recycling may occur to a quantitatively 
significant extent. 

Both obese and nonobese adipose tissue consistently oxidized 
more carbon 1 than carbon 6 to COs, and incorporated more 
carbon 6 than carbon | into fatty acids, thereby suggesting the 
existence in mouse adipose tissue of one or more alternate path- 
ways for the metabolism of glucose, as previously reported for 
rat adipose tissue (7, 13). Furthermore, the data recorded in 
Table III do not suggest the existence of a specific anomalous 
pattern of glucose metabolism by adipose tissue from obese- 
hyperglycemic mice, nor do they suggest the presence of abnormal 
pathways of glucose metabolism. 


TABLE I 
Fatty acid and nitrogen content of epididymal and mesenteric adipose tissue from obese-hyperglycemic and goldthioglucose-obese mice 
| Epididymal adpose tissue (pad pair) Mesenteric adipose tissue 
Animals | 
Weight Fatty acids Nitrogen piece 4 | Nitrogen 
g n meg % body weight mg To n % wet weight tissue 
Obese-hyperglycemic (Bar Harbor | 
strain) | 
Control 23-35 15 | 470 1.6 77 0.75 0.16 15 53 0.36 
Obese 30-39 5 | 1830 5.2 86 2.23 0.12 
40-49 14 | 2650 5.9 84 3.11 0.12 10 81 0.10 
50-65 11 2540 4.5 74 5.38 0.21 
Goldthioglucose obese (Swiss 
strain) 
Control. 29-52 16 | 720 1.8 81 1.20 0.16 6 78 0.35 
Obese 50-68 11 | 2620 4.5 ae 2.43 0.09 3 85 0.13 
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TaB_Le II 
Glucose uptake by epididymal adipose tissue of obese-hyperglycemic and obese-goldthioglucose mice, 
with increasing insulin and glucose concentrations 
Krebs bicarbonate buffer was used. Values are expressed as micromoles of glucose per milligram of tissue nitrogen over 3 hours, — | 
Results shown are means of six experiments, each with standard errors of the means. hon 


Sian | Concentration of insulin (Micro units/ml) 
Strain and state of animals ody | 3 : Comments 
| 0 | 102 | 103 | 104 
| | | | 
g | | | 
Obese-hyperglycemic | | | | 
Control | 27 | 17.243.2 | 23.344.2 | 2.9 +4 5.6 46.7 + 16.6 | Glucose, 20 mm, and gelatin, 2 
Obese | 43 | 6.7 + 1.0 8.3 + 3.2 | 10.0 + 2.3 | 15.0 + 5.2 mg/ml present in all flasks 
| Concentration of glucose (mM_/liter) 
| | 1.25 | 5 20 | 80 
Obese-hyperglycemic | | 
Control 24 7.8 + 1.2 7.245.0 32.84 6.1 35.6 + 6.5 | Insulin, 0.1 unit/ml present in all 
Obese 40 2.5 + 1.1 7.82+2.2 | 122.243.4 832 4.6 flasks 
| | | 
Goldthioglucose-obese | | | 
Control 37 5.6 + 1.2 11.5 + 2.0 | 13.5 + 3.8 | 17.7 + 4.8 | Insulin, 0.1 unit/ml present in all 
Obese | 59 8.3 + 2.0 11.7 + 1.0 10.7 + 2.3 | 9.72 0.7 flasks a 
a 
TABLE III 


Metabolism of glucose-1-C'4 and glucose-6-C'' by epididymal adipose tissue from obese-hyperglycemic mice 
Krebs bicarbonate buffer was used. Glucose concentration was 20 mm per liter. Values are expressed as microatoms of glucose 
earbon | or carbon 6 per milligram tissue nitrogen per 3 hours. Means + standard errors of means. The number of experiments is 


indicated in parentheses. , 
| Carbon dioxide Fatty acids Glebe peut (a-carbon atoms) Glycogen 
State of Body weight | 
animals range | | 
| | C1 | C-6 C-1 | C-6 | C-6 C-1 C-6 
‘ 
Nonobese 21-34 «1.88 + 0.27, 0.63 + 0.06) 0.64 + 0.13 1.01 + 0.17 1.08 + 0.11 0.89 + 0.05! 0.13 + 0.04 0.07 + 0.02 | 
| (23 ) (23) (23 ) (23) (12) (12) (13 ) (13) 
Obese | 30-39 | 1.07 + 0.17 0.50 + 0.05 0.54 + 0.12 0.68 + 0.26 0.39 + 0.05 0.45 + 0.07; 0.03 + 0.01) 0.04 + 0.02 
| (9) (9) (9) | (8) (9) (8) (9) (8) i 
Obese 40-49 | 0.66 + 0.06 0.33 + 0.06 0.19 + 0.02 0.38 + 0.11 0.57 (2) | 0.67 (2) | 0.04 (3) | 0.03 3) 
| (9) (8) (9) 
Obese 50-62 0.53 (2) 0.38 (2) 0.11 (2) 0.19 (2) 0.25 (1) 0.39 (1) 0.08 (1) 0.01 (1) | ” 
| 
Obese 30-62 | 0.82 + 0.09, 0.41 + 0.03) 0.33 + 0.06 0.48 + 0.09 0.41 + 0.06 0.48 + 0.08 0.03 + 0.01 0.04 + 0.01 St: 
(all) | (20) (19) (20) | (19) (12) | (11) | (13) (12) , 
Effects of Insulin on Metabolism of Labeled Glucose—In adipose 6. This held true in both obese and nonobese mice. The | N 
tissue from both obese-hyperglycemic mice and their nonobese — effects on glucose oxidation were also similar in the two groups | 
controls, insulin in maximal concentration (0.1 unit per ml) of animals. There was a 3-fold increase in the oxidation of - 


markedly stimulated the oxidation of carbon 1 and the incorpora- carbon 6, contrasting with a 20% increase only in the oxidation 
tion of both carbon 1 and carbon 6 into fatty acids (Table IV). of carbon 1, resulting in equilization of the oxidation of carbon 
Although both the baseline and the insulin-stimulated activities 6 and carbon 1. Growth hormone did not appear to increase 
were lower in the obese mice, in absolute terms, the insulin- lipogenesis over the control values for tissue from either obese 
induced increment was similar to that observed in the nonobese or nonobese mice. On a relative basis (see also Table VIII), ? 


controls. In both types of mice, the effect of insulin on glycerol lipogenesis was decreased in tissue from normal animals, less s0 ” 
synthesis was moderate, whereas the effect on glycogen synthesis in tissue from obese animals. Growth hormone inhibited the - 
was striking (5- to 7-fold increase). incorporation of glucose carbon into glycogen in all instances. a 

Effects of Growth Hormone Added in vitro—As illustrated in Mesenteric Adipose Tissue—In nonobese mice, the nitrogen " 
Table V, the addition in vitro of a bovine growth hormone content of mesenteric adipose tissue was higher and its fatty rf 
preparation in high concentration (1 mg per ml) produced a 3- acid content lower, when compared to epididymal adipose tissue " 
fold increase of the incorporation of carbon 1 into the a-carbon from the same group (Table I). The metabolism in vitro of - ) 


atoms of glycerol, a 2-fold increase being observed for carbon — specifically labeled glucose was similar in this tissue to that of 
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TaBLeE IV 
Effect of insulin on metabolism of glucose-1-C'4 and glucose-6-C™ by epididymal adipose tissue of obese-hyperglycemic mice 


Krebs bicarbonate buffer was used. Glucose concentration was 20 mM per liter. Insulin concentration was 0.1 unit per ml. Values 
are expressed as microatoms of glucose carbon 1 or carbon 6 per milligram of tissue nitrogen per 3 hours. Means + standard errors 


of means. Number of experiments is indicated in parentheses. 


Body Carbon dioxide Fatty acids | Glycogen 
animals lin - 
ge 
C-1 | C-6 C-1 | C-6 | C-1 C-6 CA ae oe 
g 
Non- 25-34) — | 2.20 + 0.38) 0.57 + 0.06 0.81 + 0.21 1.34 + 0.24) 1.06 + 0.21 0.88 + 0.14 0.15 + 0.05 0.12 + 0.01 
obese + | 6.02 + 0.85 0.81 + 0.11 2.48 + 0.58 6.39 + 1.15 1.93 + 0.23) 2.00 + 0.98 0.79 + 0.31 0.90 + 0.27 
(13) (13) (13) | (12) (6) (6) (7) (7) 
Obese | 37-62) — | 0.64 + 0.04 0.35 + 0.03) 0.19 + 0.02 0.34 + 0.07' 0.45 + 0.11) 0.45 + 0.15 0.04 + 0.01 0.03 + 0.01 
+ | 2.19 + 0.31, 0.61 + 0.04 1.28 + 0.30 1.97 + 0.46 0.94 + 0.12 0.65 + 0.11) 0.19 + 0.05 0.18 + 0.06 
(15) (14) (15) (15) (6) (6) (7) (7) 
TABLE V 


Effects of growth hormone on metabolism of glucose-1-C' and glucose-6-C'4 by epididymal adipose tissue of obese-hyperglycemic mice 


Krebs bicarbonate buffer was used. Glucose concentration was 20mm. Growth hormone concentration was 1 mg per ml. Values 
are expressed as microatoms of glucose carbon 1 or carbon 6 per milligram of tissue nitrogen per 3 hours. Means of 6 animals + stand- 


ard errors of means. 


Body |Growth Carbon dioxide Fatty acids Glyceride-glycerol (a-carbons) Glycogen 
| (hor. 
range mone C-l C-6 C-1 C-6 C-1 C-6 C-1 C-6 
Nonobese | 21-25 | — [1.59 + 0.36/0.80 + 0.17/0.51 + 0.170.71 + 0.231.10 + 0.140.89 + 0.08'0.022 + 0.0110.015 + 0.002 
+ (2.15 + 0.69|2.29 + 0.9410.49 + 0.160.86 + 0.593.17 + 0.822.01 + 0.710.009 + 0.0040.012 + 0.005 
Obese 30-34 — {1.27 + 0.22:0.56 + + 0.150.87 + 0.230.36 + 0.06/0.82 + 0.180.028 + 0.0060.039 + 0.013 
| | | | 
+ (1.51 + 0.31/1.54 + + 0 350.89 + + 0.46/1.16 0.290.011 + 0.0060.009 + 0.003 


TaBLe VI 
Effect of insulin on metabolism of glucose-1-C'* and glucose-6-C™ by mesenteric adipose tissue of obese-hyperglycemic mice 


Krebs bicarbonate buffer was used. Glucose concentration was 20 mm per liter. Insulin concentration was 0.1 unit per ml. 
Values are expressed as microatoms of glucose carbon 1 or carbon 6 per milligram of tissue nitrogen per 3 hours. Means + standard 


errors of means. 


: Carbon dioxide Fatty acids 
State of animals — n Insulin 
C-6 C-1 C6 
Nonobese 24-35 6 — 1.57 + 0.32 0.50 + 0.03 0.93 + 0.18 1.39 + 0.02 
+ 3.23 + 0.28 0.52 + 0.12 2.05 + 0.26 4.01 + 0.43 
Obese 49-61 10 _ 1.09 + 0.21 0.47 + 0.07 0.34 + 0.08 0.50 + 0.12 
+ 2.05 + 0.28 0.68 + 0.04 1.12 + 0.25 1.83 + 0.43 


epididymal adipose tissue. This held true in both the absence 
or the presence of added insulin (Table VI). A more detailed 
analysis of these data in nonobese animals does not seem ap- 
propriate, since the two types of adipose tissue were not taken 
from the same animal. In obese-hyperglycemic mice (40 to 49 
g range), mesenteric and epididymal adipose tissue had the same 
fatty acid and nitrogen content (Table I). In four obese animals, 
a comparison of glucose metabolism by mesenteric and by epi- 
didymal adipose tissue obtained from the same animals indi- 


cated that mesenteric adipose tissue oxidized twice as much 
glucose to COz and incorporated twice as much glucose into 
fatty acids as epididymal adipose tissue, when compared on the 
basis of nitrogen content. This was true both in the absence 
and in the presence of added insulin. Nevertheless, the metab- 
olism of glucose by mesenteric adipose tissue of obese-hyper- 
glycemic mice was significantly lower than that observed in 
either mesenteric or epididymal adipose tissue from their lean 
siblings (Tables IV and VI). 
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Adipose Tissue of Obese Mice. I 


TaBLeE VII 


Effect of insulin on metabolism of glucose-1-C4 and glucose-6-C™ by epididymal adipose tissue of goldthioglucose-obese mice 


Krebs bicarbonate buffer was used. Glucose concentration was 20 mm. 
expressed as microatoms of glucose carbon 1 or carbon 6 per milligram of tissue nitrogen per 3 hours. 


means. 


Insulin concentration was 0.1 unit per ml. Values are 
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Means + standard errors of — 


| ; | | Carbon dioxide | Fatty acids f 
State of animals) n Insulin 
| | C-1 | C-6 | | C-6 
| | | 
Nonobese | 2952 | 10 | 1.00+0.20 0.564006 + 0.10 0.49 +015 
| | + 4.77+0.96 | 1.0640.14 | 1.79 + 0.60 2.99 + 0.83 
| | | | | 
Obese 0.724008 | 0.434005 | 0.16+0.09 | 0.29 + 0.03 
| | | 3.17 £0.60 (0.82 40.07 | 1.09 1.83 + 0.40 


ITI. Goldthioglucose-obese \Mice 


Normal Swiss mice displayed some tendency toward spon- 
taneous obesity. They were heavier and had larger epididymal 
fat pads than the corresponding nonobese Bar Harbor mice 
(Table I). In contrast to what was observed in the obese- 
hyperglycemic mice glucose uptake by the epididymal adipose 
tissue of obese goldthioglucose mice did not differ significantly 
from that of their nonobese controls at the three lower glucose 
concentrations used (Table II). However, glucose uptake by 
adipose tissue of the obese animals increased less with increasing 
glucose concentration, and, at the very high concentration of 
80 mM a significant difference from the control group was ob- 
served. The metabolism of differentially labeled glucose in 
obese animals was slightly reduced for all the investigated indices 
(Table VII). However, in marked contrast to the situation 
prevailing in obese-hyperglycemic mice, these differences between 
obese and nonobese siblings were not significant for any param- 
eter taken individually. 


DISCUSSION 


In the two strains of mice used in these studies, the epididymal 
adipose tissue accounted for between 1.6 and 1.8% of total body 
weight for the nonobese animals. This contrasts with a mean 
figure of 0.4% in adult, nonobese rats. The appearance of 
epididymal mouse adipose tissue was quite similar to epididymal 
rat adipose tissue, both being delicate and ‘‘veil-like’’ when 
suspended in a liquid medium, rarely exceeding a thickness of 
0.5 mm in any one place. When compared with the previously 
reported figures for adipose tissue from normal rats (7, 10), 
adipose tissue from normal mice metabolized glucose and, more 
specifically, the first and last carbon atoms of glucose, at rates 
approximately 2 to 3 times as great. The metabolic pattern 
observed, however, as well as the hormonal responses, were 
identical in both species. In particular, a quantitatively im- 
portant participation of the phosphogluconate-oxidative path- 
way in the metabolism of glucose by adipose tissue may be 
inferred in mice just as it has previously been inferred in rats 
(7). The greater metabolic activity of mouse adipose tissue 
agrees well with the fact that, on a weight basis, basal metabolic 
rates and relative food intake are greater in mice. The response 
of normal mouse adipose tissue to insulin and growth hormone 
need not be discussed further than to say that it was remarkably 
similar to that previously observed and discussed in adipose 
tissue from rats (7, 10, 14). In mice, as in rats, the amount of 


bovine growth hormone needed to obtain an effect was very 
large. 


Epididymal adipose tissue from obese-hyperglycemic mice 
accounted for between 4 and 6% of total body weight. In 
addition, analysis of the tissues for fatty acid and nitrogen re- 
vealed increasing amounts of tissue nitrogen with increasing — 
accumulation of lipids (Table 1). Inasmuch as a significant ( 
decrease in nitrogen concentration was not observed, it would | 
seem likely that in the obese-hyperglycemic syndrome the non- © 
lipid tissue components of adipose tissue are increased, an inter- } 
pretation consistent with the observation of Hausberger (15), _ 
who reported an increased number of adipose tissue cells in the > 
tissue of obese-hyperglycemic mice. | 

When expressed on the basis of unit of tissue nitrogen, or of © 
unit of tissue weight, glucose uptake and the incorporation of 
glucose carbons into various glucose metabolites was depressed 
in the obese-hyperglycemic tissue when compared with the tissue 
of nonobese littermates. This depression seems consistent with 
the diabetic syndrome existing in these animals. Although it | 
was most marked in the oldest and most obese animals (also the 
most severely diabetic ones), it was present even in tissue ob- © 
tained from animals whose tendency to become obese was just — 
becoming apparent. When expressed on the basis of total — 
adipose tissue mass, glucose uptake and metabolism was not — 
decreased in the presence of obesity. ; 


TaBLe VIII 
Relative incorporation of carbon 1 and carbon 6 of glucose 
into four metabolic products by epididymal adipose : 
tissue of obese-hyperglycemic mice 
Values are expressed as percentage of total recovery of each 
carbon, calculated from data in Tables IV and V. 
| 
Carbon | Fatty Gl 
Hormone added in State of dioxide | acids 
vitro animals atoms | 
C-1 co C1 | 
None Non- | 21-34 | 25, 21] 41 25 323 
obese 
Obese | 30-62 | 51) 30) 25) 36 22 32 2 63 © 
Insulin Non- 25-34 | 56) 6) 27; 1117 7 8 
obese 

Obese 37-62 | 47, 15, 34) 66 16,15 3 
Growth  hor- | Non- 21-25 | 37; 44) 17| 54) 38 0.2 0.2 
mone obese | $ 
Obese | 30-34 | 37) 42) 29) 25) 34] 32 0.3 03 
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Depression of glucose metabolism (when expressed on the 
basis of unit of tissue nitrogen or unit of tissue weight) was also 
observed when the tissue was incubated either with insulin or 
with a preparation of bovine growth hormone. Although the 
magnitude of the insulin response was less in the tissue from 
obese-hyperglycemic animals, the relative response to insulin (in 
terms of percentage of baseline activity) was of the same order 
of magnitude as in the tissue obtained from the nonobese sib- 
lings (Table II). The dose level at which an insulin response 
was first noted appeared to be the same for both types of tissue. 
Because of the variables introduced by tissue mass and relative 
tissue response, the relevance of these observations in vitro to 
the insulin resistance of the obese animals documented in vivo 
(3) is difficult to assess. The increased response to growth 
hormone in obese animals, which has been reported in vivo (3), 
was not apparent in vitro. 

The selection of glucose-1-C™ and glucose-6-C™ for these 
studies was due in large part to the expectation that the existence 
of a discrete metabolic lesion in the obese tissue might best be 
evidenced by the resulting metabolic pattern. However, the 
data indicates a remarkable degree of similarity between tissue 
from obese and nonobese animals. This is best shown in Table 
VIII in which the proportion of total recovered carbon (either 
carbon 1 or carbon 6) which was recovered in each of the four 
metabolic products analyzed has been calculated. Although 
small differences are seen in several instances, the over-all similar- 
ity of the control pattern as well as that of the pattern obtained 
in the presence of either insulin or growth hormone appears to 
be the striking feature. The data thus do not indicate the pres- 
ence of a discrete lesion with regard to glucose metabolism by 
adipose tissue from the obese-hyperglycemic mice, beyond the 
over-all depression of glucose utilization. Indeed, it may be of 
special interest that as similar a pattern and particularly the 
proportion of glucose carbon used for lipogenesis should have 
been maintained, despite the over-all decrease in glucose metab- 
olism by the obese tissue. This is in striking contrast to the 
observations made in alloxan-diabetic rats (7) and suggests an 
unusual type of persistance of lipogenesis in this tissue, as will 
be further discussed in the subsequent paper (16). 

Epididymal adipose tissue obtained from obese animals differs 
in appearance from adipose tissue obtained from nonobese 
animals. In particular, it is thicker, even though care is taken 
to utilize only peripheral, thinner portions of tissue. Mesenteric 
adipose tissue of obese animals, although thicker than mesenteric 
tissue from normal animals, is still thinner than normal epididy- 
mal adipose tissue. Therefore, some importance attaches to 
the observation that the depressed glucose metabolism observed 
in obese epididymal adipose tissue also pertains to that in mes- 
enteric adipose tissue. This suggests that the difference between 
obese and nonobese tissue cannot be attributed solely to diffusion 
factors. Another observation which suggests that diffusion 
factors are not primarily concerned with the depressed glucose 
metabolism by epididymal adipose tissue from obese-hypergly- 
cemic mice concerns the metabolism of glucose by epididymal 
adipose tissue obtained from obese mice of another type, 7.e. 
goldthioglucose-obese mice. These obese mice are not diabetic 


(5). As indicated in Table I, the increased size of the epididy- 
mal fat pad in this hypothalamic type of obesity was entirely 
comparable to that observed in the obese-hyperglycemic animals. 
In this strain, however, obesity was not associated with a marked 
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depression of glucose uptake or of the metabolism of glucose 
carbon atoms | and 6. Glucose metabolism by adipose tissue 
from goldthioglucose animals was nearly normal when compared 
with tissue from their nonobese littermates; it was high when 
compared to adipose tissue obtained from obese-hyperglycemic 
mice within the same weight range. 


SUMMARY 


Glucose metabolism by epididymal and mesenteric adipose 
tissue obtained from obese-hyperglycemic mice has been studied 
in vitro and compared with that from nonobese siblings and from 
mice with goldthioglucose-induced obesity. 

Although mouse adipose tissue metabolized glucose somewhat 
more actively than previously reported for rat adipose tissue, 
the metabolic pattern observed was remarkably similar, as was 
the response to insulin and to a preparation of bovine growth 
hormone. A quantitatively important participation of the 
phosphogluconate-oxidative pathway may be inferred in mouse, 
as in rat, adipose tissue. 

Glucose metabolism by adipose tissue from obese-hypergly- 
cemic mice was depressed when compared with tissue obtained 
from nonobese’ siblings, and this was true also in the presence of 
added insulin. The severity of the defect increased with age. 
There was no evidence for the presence in tissue from obese 
animals of abnormal pathways of glucose metabolism. The 
depression in glucose metabolism was substantiated both for 
epididymal and for mesenteric adipose tissue from obese-hyper- 
glycemic animals. 

Epididymal and mesenteric adipose tissue from mice with 
goldthioglucose-induced obesity did not exhibit a similar de- 
pression of glucose metabolism when compared with tissue 
obtained from their nonobese controls. 
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In the preceding publication (1), it has been shown that iso- 
lated adipose tissue from mice with the hereditary obese-hyper- 
glycemic syndrome metabolizes glucose less actively than tissue 
obtained from nonobese siblings. The nature of this impair- 
ment differed from that observed in adipose tissue from alloxan- 
diabetic rats in that lipogenesis was much better preserved. 
Under similar conditions, adipose tissue from goldthioglucose- 
obese Swiss mice metabolized glucose at a rate almost identical 
with that of tissue from nonobese Swiss mice. The purpose of 
the present investigation is that of extending these observa- 
tions in vitro to the metabolism of pyruvate and acetate. Some 
of these results have been reported in preliminary form (2). 
Hollifield, Parson and Ayers have recently and independently 
studied the metabolism of acetate by adipose tissue of several 
types of obese animals (3). | 


EXPERIMENTAL PROCEDURE 


Pyruvate-1-C™’, pyruvate-2-C“, and pyruvate-3-C"% were 
obtained from the Volk Radiochemical Company, and from the 
Nuclear-Chicago Corporation; acetate-1-C'™ and acetate-2-C™ 
were obtained from the Volk Radiochemical Company. Both 
substrates were chromatographically pure and were added as 
their sodium salts in substitution for sodium chloride, the 
concentration of pyruvate being 40 mm and that of acetate 60 
mM. When unlabeled glucose was added, the concentration 
was 10 mM, and pyruvate or acetate concentrations were reduced 
to 20 and 30, respectively. The specific activity of pyruvate 
was determined from that of its 2,4-dinitrophenylhydrazone, 
that of acetate from drying an aliquot of the preincubation me- 
dium. Inall other respects, the animals, materials, and methods 
were identical with those reported in the preceding publication 
(1). All results have again been expressed in terms of micro- 
moles of substrate carbon oxidized to COs, incorporated into 
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long chain fatty acids, glyceride-glycerol, or glycogen, and re- 
lated to tissue nitrogen. 


RESULTS 


Metabolism of Pyruvate-2-C''—The results obtained when 
epididymal adipose tissue from obese-hyperglycemic mice and 
from their nonobese littermates was incubated with pyruvate-2- 
C™ is shown in Table I. It is evident that the metabolism of 
pyruvate was in general somewhat depressed in adipose tissue 
from obese animals, when compared with adipose tissue from 
the nonobese controls. In all instances, oxidation to carbon 
dioxide and incorporation into fatty acids were the major meta- 
bolic fates of pyruvate-2-C’. In addition, a small but significant 
amount of substrate carbon was incorporated into the a-carbon 
of glyceride-glycerol, whereas incorporation into glycogen was 
almost negligible. Although the figures shown in Table I show 
a significant depression of both oxidation of, and lipogenesis from 
pyruvate-2-C™, the large number of observations should be 
noted. When individual experiments were considered, this 
depression was not always present and a relation to the weight 
of the obese animals (i.e. their age) was observed. As previously 
shown for glucose (1), pyruvate metabolism appeared to deteri- 
orate progressively with age. Indeed, in some groups of young 
obese animals (as illustrated further on in Table III) a depression 
of pyruvate metabolism was not observed. Such a relation of 


the activity of pyruvate metabolism to body weight was not 4 


seen in the nonobese littermates. 
Metabolism of Acetate-1-C'*—The results obtained with acetate- 
1-C™ as a substrate for epididymal adipose tissue are also shown 


in Table I. As expected, acetate was less readily metabolized 
than pyruvate by this tissue and, in particular, lipogenesis from 


acetate carbon was relatively slow. In sharp contrast to the 


findings with both glucose and pyruvate as substrates for adipose : 
tissue, however, epididymal adipose tissue from obese-hyper- — 


glycemic mice oxidized somewhat more acetate carbon to CO; 
and incorporated four times as much acetate carbon into fatty acids 


than was true for tissue obtained from the nonobese siblings. ~ 
This accelerated lipogenesis was present in all experiments and © 
was definitely more marked in the young obese group; for ex- 
ample, it was increased 20 to 30-fold in the group of young obese _ 
animals shown in Table III. In this instance, therefore, the — 
greatest difference between the obese and the nonobese group © 
was present in the young (i.e. least obese) animals, as soon a | 
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TaBLeE I 

Metabolism in vitro of pyruvate-2-C' and acetate-1-C'4 by epididymal adipose tissue of obese-hyperglycemic mice and nonobese siblings* 

Incorporation of labeled carbon into 

Carbon dioxide Fatty acids Glyceride-glycerol (a-carbon) Glycogen 
mM g 

Pyruvate 40 | non- 23-36 7.90 + 0.15 (22) | 6.40 + 0.85 (22) 0.840 + 0.160 (12) 0.020 + 0.010 (13) 

obese | 
Pyruvate 40 | obese 29-62 4.29 + 0.46 (18) 4.08 + 0.65 (18) 0.260 + 0.040 (8) 0.050 + 0.020 (11) 
Acetate 60 | non- 17-36 2.12 + 0.16 (18) 0.35 + 0.13 (18) 0.010 + 0.003 (10) 0.013 + 0.005 (16) 

obese | 
Acetate 60 | obese 23-50 2.59 + 0.19 (15) | 1.43 + 0.34 (15) 0.017 + 0.007 (9) 0.017 + 0.008 (15) 


* Mean values + standard error of means expressed as microatoms of labeled pyruvate or acetate carbon per milligram of tissue 


nitrogen per 3 hours. 


Numbers in parentheses indicate number of experiments. 


TaBLeE II 
Effects of glucose, insulin, or both, on metabolism in vitro of pyruvate-2-C' and acetate-1-C™ by 
epididymal adipose tissue of obese-hyperglycemic mice and their nonobese siblings* 


Incorporation of labeled carbon into 
Concentration 
C trat 
Labeled substrate ry of — Insulin (Nonobeset) (Obeset) 
substrate (glucose) 
Carbon dioxide Fatty acids Carbon dioxide Fatty acids 
mM mM units/ml 
Pyruvate 40 0 0 7.41 + 0.51 6.75 + 1.04 3.97 + 0.54 4.90 + 0.89 
Pyruvate 40 0 0.1 6.78 + 0.81 4.73 + 1.00 3.97 + 0.70 4.42 + 0.60 
Pyruvate 20 10 0 7.63 + 1.06 6.53 + 1.18 3.55 + 0.79 2.92 + 0.79 
Pyruvate 20 10 0.1 4.77 + 0.98 13.28 + 3.35 3.88 + 0.94 7839+ 2.16 
Acetate 60 0 0 2.15 + 0.13 0.37 + 0.16 2.08 + 0.21 © 0.80 + 0.16 
Acetate 60 0 0.1 1.83 + 0.18 0.35 + 0.06 1.46 + 0.11 1.07 + 0.13 
Acetate 30 10 0 3.36 + 0.32 1.76 + 0.59 2.55 + 0.39 1.78 + 0.44 
Acetate 30 10 0.1 2.29 + 0.40 5.00 + 1.20 2.60 + 0.21 5.87 + 1.54 


* Mean of 6 values + standard error of the mean expressed as microatoms‘of specifically labeled pyruvate or acetate carbon per 


milligram of tissue nitrogen per 3 hours. 


+ For the experiments with labeled pyruvate, body weights of the nonobese isdunale ranged from 23 to 31 g, and for the obese ani- 
mals from 40 to 49 g. For the experiments with labeled acetate, the corresponding weights were 26 to 31 g and 35 to 50 g. 


the appearance and the behavior of the animal permitted de- 
finitive assignment to the obese group. The incorporation of 
acetate carbon into glyceride-glycerol or glycogen was small. 
Effects of Insulin, with or without Added Glucose—The data 
shown in Table II summarize experiments in which possible 
anomalies of lipogenesis from pyruvate or acetate were looked 
for under conditions also testing the tissue response to simul- 
taneously present glucose and insulin. It is apparent from the 
table that no striking anomalies were found. Insulin alone did 
not affect significantly the metabolism of pyruvate or acetate to 
carbon dioxide or fatty acids. In the absence of glucose, the 
somewhat depressed metabolism of pyruvate by tissue from 
obese-hyperglycemic animals was again noted, as was the signifi- 
cantly increased lipogenesis from acetate. The presence of glu- 
cose alone was without much effect upon pyruvate metabolism, 
whereas it significantly accelerated the metabolism of acetate, and 
in particular the incorporation of acetate carbon into fatty acids. 
In the presence of glucose, insulin markedly stimulated fatty acid 
synthesis from either acetate or pyruvate. All of these effects 
were entirely similar to those previously described for rat adipose 


tissue (4) and occurred to an equal degree in tissue obtained from 
obese-hyperglycemic animals and in tissue obtained from their 
nonobese siblings, with two exceptions. Firstly, the effect of 
glucose alone upon lipogenesis from acetate was much less in 
the obese-hyperglycemic tissues, inasmuch as the activity in 
the absence of glucose was greater than in the controls, whereas 
the activity in the presence of glucose was equal in tissue from 
obese and nonobese mice. Secondly, pyruvate or acetate 
oxidation was depressed by the simultaneous presence of glucose 
and insulin (as compared with glucose alone) for nonobese tissue, 
not for tissue from obese-hyperglycemic animals. This second 
observation is most likely related to the already well documented 
lesser magnitude of the insulin effect upon glucose metabolism 
by obese-hyperglycemic adipose tissue (1). 

Metabolism of Pyruvate-2-C™ and Acetate-1-C™ by Both Epididy- 
mal and Mesenteric Adipose Tissue from Obese-hyperglycemic 
Mice and from Goldthioglucose-obese Mice—As in the case of 
glucose metabolism (1), it was considered of particular impor- 
tance to rule out significant interference by simple geometric 
factors in these experiments (7.e. tissue thickness and configura- 
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tion). For this purpose, a comparison was again made between 
both mesenteric and epididymal adipose tissue in the obese- 
hyperglycemic animals and in the nonobese, at the very earliest 
stage at which the obese trait can be diagnosed with security. 
It is evident from the data in Table III that lipogenesis from 
acetate was accelerated to an equally striking degree for both 
types of adipose tissue in the obese-hyperglycemic animals. In 
addition, in this small group of young obese animals, acetate 
oxidation to CO, and pyruvate metabolism to both CO2. and 
fatty acids were also greater in the obese than in the nonobese 
group, reflecting perhaps the very early stage of the metabolic 
disturbance. 

When epididymal and mesenteric adipose tissue was obtained 
from goldthioglucose-obese mice and compared with tissue ob- 
tained from their nonobese siblings (Table IIL), the results ob- 
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tained indicated that the metabolic activity of the obese tissues 
was rather similar to that of the nonobese tissues with regard to 
both pyruvate and acetate metabolism. Although lipogenesis 
from acetate also appeared to be somewhat greater in the obese 
animals, the difference between the obese and the nonobese 
group was much smaller than in the obese-hyperglycemic mice. 

Metabolism of Specifically Labeled Pyruvate and Acetate— 
Although the studies with acetate-1-C™ suggested the existence 
of strikingly accelerated lipogenesis from this substrate by tissues 
from obese-hyperglycemic animals, they did not suggest by what 
mechanism this might be achieved. The studies outlined in 
Table IV were undertaken in order to delineate further similari- 
ties or dissimilarities between obese and nonobese tissue. It is 
evident from the table that the use of pyruvate-1-C', -2-C™ 
and -3-C™ as well as acetate-1-C'’% and -2-C™ failed to reveal 


TABLE III 
Metabolism in vitro of pyruvate-2-C'* and acetate-1-C' by epididymal and mesenteric adipose tissue of 


obese-hyperglycemic mice and goldthioglucose-obese mice and of their respective nonobese siblings* 


| 


Incorporation of labeled carbon into 


, Body weight | No. of | 
Group of animal | animals | 


(Pyruvate-2-C'* (40 (Acetate-1-C'4 (60 mm)) 


| 
| 
tne | Adipose tissue | 
| 


Carbon dioxide 


Carbon dioxide | Fatty acids 


Fatty acids 


g | 
Nonobese 28-36 4 epididymal 4. 
mesenteric 4. 
Obese-hyperglycemic 29-43 3 epididymal 5. 
mesenteric 5. 
Nonobese, Swiss 37-48 5 epididymal 4. 
| mesenteric 5. 
Goldthioglucose-obese 50-56 3 epididymal 
| | mesenteric 6. 


+ 0.53 3.78 + 1.86 | 1.20+0.16 | 0.11 + 0.05 
+ 0.75 3.08 41.18 1.2040.17 | 0.17 + 0.09 
6.49 3.47 
7.78 | 2.26 2.94 
+ 0.50 3.18 1.404 0.08 | 0.08 + 0.02 
+ 0.51 7.00+1.07 15440.15 | 0.18 + 0.05 
1.53 | 1.28 0.34 
4.93 0.50 


* Mean values + standard error of the mean expressed as microatoms specifically labeled pyruvate or acetate carbon per milligram 


of tissue nitrogen per 3 hours. 


Mesenteric and epididymal tissues obtained from the same animal. 


TaBLe IV 


Metabolism in vitro of specifically labeled pyruvate and acetate by epididymal adipose tissue 
of obese-hyperglycemic mice and nonobese siblings* 


Incorporation of labeled carbon into 


Substrate (Nonobeset) (Obese$) 
Carbon dioxide Fatty acids Gly | Glycogen | Carbon dioxide Fatty acids Gly omar gga Glycogen 
Pyruvate-1-C 52.79 0.04 1.79 0.005 | 43.66 0.10 0.88 0 
+ 12.01 + 0.03 + 0.56 + 0.004 | + 6.60 + 0.06 + 0.26 
Pyruvate-2-C' 9.96 4.77 0.99 0.012 «6.78 5.99 0.30 0.023 
+ 0.93 + 1.27 + 0.30 + 0.005 | + 0.62 + 1.45 + 0.05 + 0.008 
Pyruvate-3-C'4 6.91 5.11 2.40 0.006 3.75 1.23 0.014 
+ 1.08 + 2.17 + 0.53 + 0.004 © + 0.44 + 0.86 + 0.24 + 0.004 
Acetate-1-C!* 2.66 0.08 0.008 0.002 | 2.85 1.10 0.026 0.002 
| + 0.19 + 0.04 + 0.003 + 0.001 + 0.32 + 0.33 + 0.009 + 0.001 
Acetate-2-C!4 | 1.54 0.12 0.012 0.003 1.82 1.05 0.031 0.005 
+ 0.13 + 0.05 + 0.003 + 0.001 + 0.14 + 0.36 + 0.008 + 0.001 


* Mean values + standard error of the mean expressed as microatoms of specifically labeled pyruvate or acetate carbon per milli- 
gram of tissue nitrogen per 3 hours. 


acetate experiments. 
+t Body weight range, 24 to 34 g for experiments with pyruvate, 17 to 25 g for experiments with acetate. 


t Body weight range 44 to 51 g for experiments with pyruvate, 23 to 47 g for experiments with acetate. 


Pyruvate, 40mm. Acetate, 60mm. Mean of 5 values for pyruvate experiments, of 6 values for 
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differences between obese and nonobese tissues other than the 
previously established over-all decreased metabolism of pyruvate 
and increased lipogenesis from acetate in the tissue from the obese 
animals. However, it is of interest to note that the incorpora- 
tion of carbon 1 of pyruvate into glyceride-glycerol was of the 
same order of magnitude as the incorporation of pyruvate 
earbon 3, thereby suggesting the existence of significant reverse 
glycolysis in this tissue, the pyruvate carbon chain being metab- 
olized as a unit. On the other hand, the incorporation of 
carbon 2 of pyruvate into the a-carbon of glyceride-glycerol 
presumably occurs after randomization of the carbonyl carbon 
in the tricarboxylic acid cycle. Furthermore, pyruvate carbon 
2 appeared throughout to be oxidized to CO, somewhat more 
rapidly than pyruvate carbon 3, and acetate carbon 1 more 
rapidly than acetate carbon 2. This was equally true for tissue 
from obese-hyperglycemic and from nonobese animals. Similar 
observations have been made previously and have been inter- 
preted as implying that an additional influx of unlabeled inter- 
mediates is diluting the labeled acetyl-CoA within the tricar- 
boxylic acid cycle (5). 


DISCUSSION 


As in the case of glucose metabolism (1), the metabolism of 
pyruvate and acetate by nonobese mouse tissue appears to be 
remarkably similar to the metabolism of these substrates by 
adipose tissue of rats (4), mouse adipose tissue being somewhat 
more active per unit of tissue nitrogen. On the basis of unit of 
tissue nitrogen also, adipose tissue from obese-hyperglycemic 
mice differed from nonobese tissue in that pyruvate metabolism 
was variably and as a rule moderately depressed, whereas acetate 
oxidation was either normal or slightly greater than normal, 
and incorporation of acetate carbon into fatty acids was greatly 
increased. A decreased endogenous production of acetyl-CoA 
does not seem to be involved, since such a mechanism would 
result in an increased proportion of exogenous acetate-1-C" 
to endogenous acetate-1-C' at the site of acetyl-CoA metabolism. 
This would be expected to result in an increased specific activity 
of both fatty acids and COy. Whereas the depression of glucose 
(1) and pyruvate metabolism was most marked in the oldest, 
most obese animals, the excessive lipogenesis from acetate was 
maximal in the youngest, least obese, and least hyperglycemic 
group. It would appear, therefore, that accelerated lipogenesis 
from acetate may be both the earliest and the most striking 
anomaly observed in this type of obesity, thereby warranting 
some further discussion. 

The accelerated lipogenesis from acetate observed in adipose 
tissue from obese-hyperglycemic mice which was incubated in 
vitro is not likely to represent an artifact of the conditions used, 
or of the physical characteristics of the obese tissue, for several 
reasons. Firstly, a similarly increased incorporation of acetate 
carbon into liver and carcass fatty acids has been reported in 
vivo (6-8) and we have ourselves observed it in liver slices in 
ntro (9, 10). Secondly, mesenteric adipose tissue from obese- 
hyperglycemic animals was as abnormal in this respect as 
epididymal adipose tissue, even though obese mesenteric adipose 
tissue was as thin as nonobese epididymal fat. Thirdly, the 


adipose tissue from equally obese goldthioglucose-treated mice 
did not exhibit a similarly accelerated lipogenesis from acetate. 
Although the group of goldthioglucose-obese animals studied 
was small, Hollifield et al. (3) have independently reported the 
presence of accelerated fatty acid synthesis from acetate in 
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Fig. 1. Lipogenesis in vitro by epididymal adipose tissue from 
obese-hyperglycemic mice and their nonobese littermates. Each 
bar represents the mean of no less than 6 experiments in which 
the results could be expressed either in terms of milligrams of 
adipose tissue nitrogen or in terms of total epididymal adipose 
tissue from each animal, defining epididymal adipose tissue as 
that tissue portion which is distal to the spermatic vessels at the 
upper pole of the testis. The values representing lipogenesis 
from glucose are the result of adding in each tissue the incorpora- 
tion of C-1 to that of C-6. Note that the scale for each substrate 
is different and that the mean values per milligram of nitrogen are 
not identical with the values given in the tables, since total adi- 
pose tissue weights were not available in all experiments. 
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adipose tissue from obese-hyperglycemic mice, in contrast to 
three other types of obesity in mice, including goldthioglucose- 
obese animals. The observations of Bates and Mayer,! indi- 
cating rapid randomization of the terminal carbon of long 
chain fatty acids in obese-hyperglycemic mice, also suggests 
unusually active metabolism of two-carbon fragments in these 
animals. 

Although extensive speculation as to the mechanism of this 
accelerated lipogenesis from acetate appears unwarranted at 
this time, it may be permissible to point out that the data in 
Table II suggest that in tissue from obese-hyperglycemic mice 
lipogenesis from acetate is less dependent upon concomitant 
glucose metabolism. Similarly, in the preceding paper, it was 
concluded that lipogenesis from glucose by tissue from obese- 
hyperglycemic animals was impaired to a lesser degree than 
might have been expected as a result of its depressed metabolism 
of glucose. It is entirely conceivable that this lesser depend- 
ence upon glucose allows for unchecked lipogenesis even during 
fasting or when conditions normally favor the catabolism rather 
than the anabolism of fatty acids. The relation between the 
early disturbance in lipogenesis and the progressive deterioration 
of glucose metabolism in adipose tissue from obese-hyperglycemic 


1 Unpublished experiments. 
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mice is not clearly understood. However, it would appear 
that the decreased glucose uptake and decreased glucose metabo- 
lism which develops with age in adipose tissue of these animals 
may also be a metabolic defect characteristic of the tissue itself, 
rather than the secondary result of a primary lack of insulin 
(11, 12). 

All results considered so far have been expressed in terms of 
units of tissue nitrogen. It is of interest to consider also the 
total lipogenic activity of adipose tissue, or at least of a definable 
fraction of adipose tissue. Fig. 1 summarizes the results ob- 
tained in a group of experiments in which lipogenesis by epididy- 
mal tissue has been expressed both in terms of units of tissue 
nitrogen (deft) and in terms of pairs of epididymal fat pads (right). 
It is evident that the excessive tendency to lipogenesis from all 
substrates, particularly from acetate, is even more striking when 
the total tissue is considered. 

Finally, the results presented here emphasize the differences 
between “regulatory”? and ‘‘metabolic’”’ obesities (13). Regu- 
latory obesities, exemplified here by goldthioglucose hypothalamic 
obesity, are those in which obesity is simply the result of a dis- 
turbance in the regulation of food intake leading to hyperphagia. 
Metabolic obesities, exemplified here by the obese-hyperglycemic 
syndrome, are those in which hyperphagia is the result of a 
disturbance in extracerebral carbohydrate or lipid metabolism. 
In the first type, one expects peripheral metabolism to be 
essentially similar to that of normal animals except for immediate 
and adaptive changes due to excessive availability of nutrients. 
Fasting metabolism or metabolism under conditions of paired 
feeding with nonobese controls generally is found to be identical 
with that of normal animals. In the second type, the nature of 
the metabolic lesion is characteristic of the particular form of 
obesity considered, and persists under fasting or paired feeding 
conditions. It is interesting to note here that the differences in 
lipogenesis seen in intact animals are also characteristic of adipose 
tissue of animals exemplifying the two classes of obesity. 


SUMMARY 


Pyruvate and acetate metabolism by epididymal and mesen- 
teric adipose tissue obtained from obese-hyperglycemic mice 
has been studied in vitro and compared with that from nonobese 
siblings and from mice with goldthioglucose-induced obesity. 
Metabolism of these substrates by mouse adipose tissue was 
quite similar to that previously reported for rat adipose tissue. 

Adipose tissue from obese-hyperglycemic animals differed 
from nonobese tissue in that pyruvate metabolism was variably 
and moderately depressed, whereas acetate oxidation was either 
normal or slightly above normal, and whereas incorporation of 
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acetate carbon into fatty acids was greatly increased. The 
accelerated incorporation of acetate carbon into tissue fatty acids 
was most marked in young animals, as soon as the trend toward 
obesity could be detected. Incorporation of acetate carbon 
into fatty acids by tissue from obese-hyperglycemic animals 
was as great in the absence of glucose, as in tissue from nonobese 
animals in the presence of glucose. Adipose tissue from equally 
obese goldthioglucose-treated animals did not exhibit a similarly 


_accelerated lipogenesis from acetate. The observations are in 


accord with those independently published by Hollifield et 
al. (3). 

There was no evidence for the presence in tissue from obese- 
hyperglycemic animals of abnormal pathways of pyruvate and 
acetate metabolism, although lipogenesis from these substrates 
appeared to be less dependent upon concomitant glucose metab- 
olism than was true for tissue from nonobese animals or from 
animals with goldthioglucose-induced obesity. Accelerated 
lipogenesis from two-carbon intermediates appears to be the 
most striking anomaly of adipose tissue from obese-hypergly- 
cemic mice and confirms in isolated adipose tissue previous 
observations in intact animals and on liver slices. 
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The concentrations of lipid-solvent soluble sulfur in rat brain 
and liver have been reported by Gaitonde and Richter (2). The 
extraction procedure used by these authors resulted in lipid ex- 
tracts containing nonlipid contaminants and _proteolipid-pro- 
teins. Folch et al. (3, 4) have described methods for removal 
of these materials from lipid extracts. In the experiments to be 
reported, these methods of lipid purification were used. The 
sulfatide-sulfur was determined, after oxidation of the lipids, 
by the reduction method reported by Archer (5), a method which 
circumvents the removal of phosphate necessary in the barium 
sulfate and benzidine sulfate methods (6, 7). These experiments 
were set up to ascertain the role of age, species differences, dietary 
protein intake, and liver cell degeneration on the concentration 
and metabolism of brain and liver sulfatides. 

The present communication reports the detailed experiments 
which show incorporation in vivo of L-methionine-S* and sulfate- 
S5 into rat brain and liver sulfatides. The concentration of 
sulfatide-sulfur in the brain is a function of age; however, the 
specific activities decreased with age. The brain and liver sul- 
fatide-sulfur concentration is dependent upon dietary protein 
intake. On the other hand, the liver sulfatide-sulfur concentra- 
tion was unaltered in liver cell degeneration. The identity of the 
sulfatides has not been established. In this paper evidence is 
presented that two sulfatides are present in the lipid extracts 
from brain and liver by silicic acid chromatography. 


EXPERIMENTAL PROCEDURE 


Four main series of experiments will be reported: 

1. The time course of the incorporation of S** from L-meth- 
ionine-S** and sulfate-S** into rat liver and brain sulfatides was 
investigated. 

2. An investigation was made of the variation of the con- 
centrations and specific activities of rat brain and liver sulfatide- 
sulfur with age. Animals ranging in age from 22 days to 6 
months were used. The sulfatide sulfur concentrations were 
also determined on one group of 6-month-old female rats. 

3. The effect of dietary protein concentration on the concen- 
trations and specific activities of rat brain and liver sulfatide- 


* This work was supported by a grant from the United States 
Atomic Energy Commission (AT-11-1-479), and is part of a thesis 
submitted by J. Bakke in partial fulfillment of the requirement 
for the degree of Doctor of Philosophy. A preliminary report of 
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+ This investigator was supported by a fellowship (CF-7278-C) 
from the National Cancer Institute, United States Public Health 
Service. 

t Present address, Central Research Laboratories, General 


Mills, Ine., 13, Minnesota. 


sulfur was investigated. The compositions of the diets have 
been reported previously (8, 9). 

4. A comparison was made of the elution patterns of S**- 
labeled, acetone-insoluble liver and brain lipids from silicic acid 
columns with the use of the methods of Hanahan et al. (10). 

All rats were male albino animals of the Sprague-Dawley 
strain maintained on Purina Laboratory chow pellets. 

The intraperitoneal route was chosen for the administration 
of the isotope. Preliminary studies had shown that 1 hour after 
a single injection of L-methionine-S* into the rat the specific 
activities of brain and liver sulfatide-sulfur were 90% and 70%, 
respectively, of those at 3 hours, at which time the brain sulfa- 
tide-sulfur specific activity reached a plateau and the liver sul- 
fatide-sulfur specific activity began decreasing. Since it was 
desirable to measure the S**-incorporation of both the brain 
and liver sulfatides in the same animal, the 1-hour time interval 
between injection and decapitation was selected. 

When specific activities were determined, all animals received 
45 ue of isotope (L-methionine-S* or sulfate-S*5). The radio- 
active measurements were made with an ultrathin, gas flow 
Geiger tube (Tracerlab TGC-14) and the specific activity of 
sulfatide-sulfur was calculated. The specific activity is defined 
as counts per minute per aliquot X body weight per microgram 
of sulfatide sulfur per aliquot < dose in counts per minute. 

Extraction and Purification of Lipids—The methods of Folch 
et al. (3) were used for the extraction and purification of the 
lipids and for the removal of the proteolipid-proteins (4). The 
animals were killed by decapitation; the brains and livers were 
removed in toto and homogenized in absolute methanol at ice- 
bath temperature with the use of a teflon pestle. Sufficient 
chloroform and methanol were added to the homogenates to 
vield a 2:1 (volume for volume) mixture of chloroform and 
methanol with a final volume 20 times the volume of the fresh 
tissue (3). The tissues were homogenized within 5 minutes 
after decapitation. 

The lipid extracts were washed once by the addition of 0.04% 
CaCl:, and once with the “‘pure solvent upper phase”’ containing 
a mixture of chloroform, methanol, and 0.04% of CaCl, (3). 
The pure solvent phases were prepared in a separatory funnel 
by mixing chloroform, methanol, and 0.04% CaCl, in the pro- 
portions 8:4:3 by volume. After the separation of the phases, 
the upper constituted the “pure solvent upper phase” and the 
lower represented the “pure solvent lower phase.’”? The washed 
lower phase lipid extract containing essentially all the tissue 
lipids other than strandin was taken to dryness, the residue taken 
up in “‘pure solvent lower phase,” and again taken to dryness. 
This cleaved the proteolipids and rendered the protein insoluble 
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in hot 2:1 (volume for volume) chloroform-methanol (4). The 
material soluble in the hot chloroform-methanol was made up 
to a measured volume and the sulfatide-sulfur specifie activity 
determined with the use of an aliquot of this solution of purified 
lipid, free of proteolipid-protein. 

Radioactivity Measurements—Proteolipid-protein-free — lipids 
(10 mg) was placed in a steel planchet and the radioactivity 
determined with an ultrathin window, gas flow Geiger tube 
(Tracerlab TGC-14). Measured aliquots of the injected dose 
were counted with 10 mg of nonradioactive lipids. 

Oxidation of Lipids—The lipids were oxidized and the oxida- 
tion products evaporated to dryness by the methods described 
by Lees and Folch (11). The size of the combustion tube and 
the amount of oxidant (3:1 aqua regia) were increased to ac- 
commodate 50 to 60 mg of purified, proteolipid-protein-free 
lipids. 

Sulfur Determination—The reduction method reported by 
Archer (5) was used for the determination of sulfur. One modi- 
fication was necessary; 57° > hydriodic acid was used in the 
preparation of the reduction mixture in place of a 2:1 mixture 
of 57°% and 70% hydriodic acid. This concentration of hy- 
driodic acid has been used successfully by Luke (12) for the 
reduction of oxidized forms of sulfur to sulfide. 

Nitrogen Determination—Total tissue nitrogen was determined 
on an aliquot of the methanolic homogenate by a semimicro- 
Kjeldahl method. 

Chromatography — Acetone-insoluble, proteolipid-protein - free 
lipids were prepared and chromatographed on silicic acid-Hy- 
flo Super-Cel (Fisher Scientific) columns by the methods of 
Hanahan et al. (10). Preliminary experiments had shown that 
the acetone-insoluble lipids contained approximately 90% of the 
radioactivity found in the original purified, proteolipid-protein- 
free lipids. 


RESULTS AND DISCUSSION 


Incorporation of t-Methtonine-S** and Sulfate-S**—The time 
course of the incorporation of radioactivity from L-methionine- 
S35 and sulfate-S** into rat brain and liver sulfatides are shown 
in Figs. 1, 2, and 3. When injected intraperitoneally, t-meth- 
ionine-S*> was the better source of sulfatide label in both the 
brain and liver (Figs. 1 and 2). However, if these isotopic com- 
pounds were injected intracranially, the sulfate was the better 
label source for brain sulfatides (Fig. 3). Even though the intra- 
cranially injected sulfate-S** gave greater incorporation of label, 
this route of administration and, consequently, this isotopic 


SPECIFIC ACTIVITYx 10 ¢ 
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Fic. 1. Time course of the incorporation in vivo of L-methio- 
nine-S*5 (©) and sulfate-S** (@) into liver tissue sulfatides. Male 
rats, 15 days old, were given 45 ue of isotope by intraperitoneal 
injection. Each point represents the data from one rat. 
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Fic. 2. Time course of the incorporation in vivo of L-methio- } 


nine-S35 (©) and sulfate-S*5 (@) into brain tissue sulfatides, 
Male rats, 15 days old, were given 45 ue of isotope by intraperito- 
neal injection. Each point represents the data from one rat. 
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Fic. 3. Time course of the incorporation in vivo of L-methio- 
nine-S** (©) and sulfate-S*® (@) into brain tissue sulfatides. 


Male rats, 50 days old, were given 45 ue of isotope by intracranial ! 


injection. Each point represents the data from one rat. 
compound was not used for the determination of brain sulfatide- 
sulfur specific activity because of the difficulty encountered in 
penetration of the skulls of older animals. 

The low incorporation of intraperitoneally injected sulfate-S* 
into brain sulfatides was probably due to either a rapid excretion 
of the isotope by the kidney or the inability of any appreciable 
amount of sulfate to be transferred across the blood-brain bar- 
rier. The blood-brain barrier would have little effect upon the 


availability of L-methionine-S** to the brain, for Clouet and © 
Richter (13) and Kamin and Handler (14) have observed that ~ 
the blood-brain barrier offered very little hindrance to the passage : 


of methionine either into or out from the brain. 


Radin et al. (15) have demonstrated the cerebroside sulfuric 
ester labeled with either galactose-C™ or sulfate-S** exhibited — 
very little if any decrease in radioactivity with time after a | 


single injection of isotope. Data in Fig. 3 show that the specific 
activity of brain sulfatide-sulfur did not decrease during the 10- 
day period after a single injection of sulfate-S**. 
indicates that brain sulfatides have a very slow turnover. 


The slow turnover of brain lipid constituents is not unique | 
Nicholas and Thonas (16) have shown that — 


to sulfatides. 
cholesterol retained appreciable quantities of radioactivity in 
both brain and spinal cord 1 year after the administration of 
acetate-C'4, Davidson and Dobbing (17) found that phospho- 
lipids of whole rat brain exhibited very slow turnover during 4 
70-day period after the injection of a single dose of phosphate-P*. 

Effect of Age on Concentration and Specific Activity—Table | 
gives the concentrations and specific activities of rat brain and 
liver sulfatide-sulfur as a function of age. Brain sulfatide-sulfur 
concentration increased with age, and old animals (180 days 
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TABLE I 
Concentration and specific activity of rat brain and liver sulfatide-sulfur as function of age* 
The animals were killed 1 hour after the intraperitoneal injection of 45 we of L-methionine-S®*. Figures in parentheses indicate 


the number of animals. 


J.E. Bakke and W. E. Cornatzer 


Brain Liver 
Age 
Sulfatide-sulfur concentration | Specific activity Sulfatide-sulfur concentration Specific activity 
days ug S/g wel tissue pg S/mg N x 104 ug S/g wet tissue pg S/mg N x 104 
22 (6) 62.4 + 3.7 3.82 + 0.34 i =0.329 + 0.088 15.3 + 4.2 0.556 + 0.188 3.04 + 1.36 
45 (5) 75.3 + 7.3 4.13 + 0.44 10.0 + 1.5 0.319 + 0.050 
50 (5) 88.3 + 8.0 4.65 + 0.55 9.7 + 2.0 0.314 + 0.059 
65 (5) 96.9 + 5.5 5.94 + 0.52 0.252 + 0.024 9.7 + 1.8 0.299 + 0.083 4.40 + 1.40 
117 (4) 101.8 + 12.2 5.41 + 0.61 6.8 + 0.5 0.228 + 0.018 
180 (4) 153.1 + 19.5 8.59 + 0.98 0.091 + 0.007 9.2 + 0.9 0.398 + 0.074 5.19 + 0.73 
180f (4) 141.2 + 5.5 8.09 + 1.24 | 8.224 1.2 0.346 + 0.029 
* The mean + the standard deviation is given. 
t Female rats. 
TABLE II 


Concentration and specific activity of rat brain and liver sulfatide-sulfur as function of dietary protein concentration* 


Two groups of six 65-day-old male rats, previously maintained on Purina Laboratory chow, were fed diets containing 5% and 25% 
purified casein (8, 9) for 2 weeks before decapitation. One hour before the rats were killed, each animal received 45 ue of L-methionine- 


S*® by intraperitoneal injection. 


Brain | Liver 
>t pt 
Diet (% casein) 5 25 5 25 
ug S/g wet tissue 98.6 2414.4 127.0 + 9.3 <0.01 5.3 + 0.9 + 1.5 <0.01 
ug S/mg N 5.19 + 0.59 | 7.08 + 0.77 <0.01 0.231 + 0.070 0.384 + 0.057 <0.02 
Specific activity X 104 0.256 + 0.024 0.149 + 0.044 | <0.01 6.68 + 1.04 4.51 + 1.43 >0.01 


* The mean + the standard deviation is given. 


t The probability derived from the test of significance applied in respect to the variable measured. 


old) were still able to incorporate label into the sulfatides, but 
at a diminished rate. The total incorporation of 5** per unit 
of brain tissue decreases with age. The liver sulfatide-sulfur 
concentrations of the 22-day-old rats were significantly higher 
(p values < 0.02) than those for the older-aged animals which 
were not different from one another. The specific activities of 
the liver sulfatide-sulfur showed no measurable change with age. 

Effect of Dietary Casein—The brain and liver sulfatide-sulfur 
concentrations paralleled the dietary casein intake (Table II). 
Since proteins are the major source of dietary sulfur, the observed 
results are probably due to a quantitative lack of sulfur available 
for sulfatide synthesis. The low concentrations observed with 
the 5% casein diet supports the hypothesis that protein metabo- 
lism takes precedence over other metabolic functions of meth- 
ionine when animals are subjected to conditions leading to fatty 
livers (18). The low specific activities observed with the 25% 
casein diet were probably due to dilution of the L-methionine-S* 
by an increased amino-acid pool size. The total incorporation 
of S** per unit of brain and liver tissue increases in rats fed a 5% 
casein diet as compared to those fed 25% casein. 

Species—There appear to be no significant quantitative dif- 
ferences in the brain and liver sulfatide-sulfur concentrations of 
mature rats, mice, or rabbits (Table III). Human liver exhibited 
sulfatide-sulfur concentrations that were not different from the 
other species tested (Table IV). Human brain sulfatide-sulfur 
However, be- 


increased with age in a linear pattern (Table IV). 


cause of the limited data, the linearity of this increase is proposed 
with reservation since only one tissue for each age was analyzed. 

Liver Cell Degeneration—Liver cell degeneration by bromo- 
benzene administration had no effect on the sulfatide-sulfur 


concentration of rat liver (Table V). 


This probably indicates 


that the sulfatides are associated with the more stable structural 
components of the cell. 

Silicic Acid Chromatography—The acetone-insoluble lipid 
fractions prepared from rat brain and liver tissues after the in- 
jection of either sulfate-S** or L-methionine-S** were chromato- 
graphed on silicic acid with the use of the methods of Hanahan 
etal. (10). The radioactivity elution patterns shown in Fig. 4-A 
and B demonstrate the presence of at least two labeled com- 


TABLE III 


Brain and liver sulfatide-sulfur concentrations of mature 
rabbits, mice, and rats* 


Species 


Brain | 
sulfatide-sulfur 
| 


Liver 
sulfatide-sulfur 


Rat (4)f 
Mouse (3) 
Rabbit (3) 


ug S/g wet tissue 


wg S/mg N 
153.1 + 19.58.59 + 0.98 


| ug S/g wet 
tissue 


9.2 + 0.90.398 + 0.074 


ug S/mg N 


120.0 + 6.05.21 + 0.18 8.9 + 1.300.293 + 0.038 
119.0 + 2.07.25 + 0.3213.3 + 4.40.628 + 0.360 


* The mean + the standard deviation is given. 


{ Figures in parentheses indicate the number of animals. 
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TaBLeE IV 
Human brain and liver sulfatide-sulfur concentrations 
Tissues exhibiting no pathology were stored in the cold and ex- 
tracted 8 to 15 hours post-mortem. The brain tissue samples 
extracted consisted of half white and half grey matter taken from 
the cortex and the subcortical white matter. 


Sulfatide Metabolism 


Age Brain Liver 
years ug S/g wet tissue ug S/g wet tissue 
3 days 8.3 
3 months 25.8 
28 years* 124 10.2 
39 years 164 
60 years 241 9.5 
* Female. 
TABLE V 


Rat liver sulfatide-sulfur concentration in chemically-induced 
liver cell degeneration* 


Liver cell degeneration was induced in 117-day-old male rats 
by the intraperitoneal injection of bromobenzene (1 XK 10-* moles 
per 100 g of body weight in corn’ oil) after being deprived of food 
for 24 hours (19). After injection, food and water were available 
at all times. The animals were killed by decapitation 36 hours 
after injection. Controls were treated identically without the 
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C-M 4:1 52, CoM 1:4 
(A) LIVER 


70 80 90 100 
C-M 1:4 
(8) BRAIN 


0 10 20 
CM 4:1 6-32, 


RADIOACTIVITY (CPM/TUBE) 


TUBE NUMBER 
Fic. 4. Silicic acid chromatography of S*5-labeled, acetone-in- 


soluble brain and liver lipids. Acetone-insoluble lipids and silicic 
acid columns were prepared by the methods of Hanahan et al. 
(10). Aliquots equal to 50 mg of the S*5-labeled, acetone-insoluble 
lipids were placed on 30-g-silicic acid-Hyflo Super-Cel (2:1 by 
weight) columns (18 X 200 mm). The columns were eluted suc- 
cessively with the chloroform-methanol mixtures indicated. The 
eluates were collected in fractions of 8 ml at a flow rate of 6 minutes 
per fraction. The brain lipids were labeled with intracranially 
injected sulfate-S*® (45 uc); liver lipids were labeled with intra- 
peritoneally injected L-methionine-S*5. 


induced liver cell degeneration by bromobenzene administration 


bromobenzene. Figures in parentheses indicate the number of 
animals. 

| Liver sulfatide-sulfur 

| pt 

| Control (4) Experimental (3) 

| 
ug S/g wet tissue 8.8 + 1.9 9.5 + 0.7 >0.5 
ug S/mg N | 0.412 + 0.074 0.332 + 0.151 | >0.2 


* The mean + the standard deviation is given. 
t The probability derived from the test of significance applied 
in respect to the parameter measured. 


pounds in both brain and liver. The radioactive fractions from 
two separate elutions of brain lipids were rechromatographed 
with 7:1 chloroform-methanol (Fig. 4-C). The minor peak ap- 
pearing in the first elution (Fig. 4-B) separated completely from 
the major peak. 


SUMMARY 


1. A combination of published methods was successfully ap- 
plied to the determination of microgram quantities of lipid sulfur. 

2. After a single intracranial injection of sulfate-S**, rat brain 
sulfatide-sulfur specific activities did not exhibit a maximum 
during a 10-day period. 

3. Rat brain sulfatide-sulfur concentration increased with 
age; however, liver sulfatide-sulfur concentration decreased with 
age. 
4. Rat brain sulfatide-sulfur specific activity decreased with 
age, whereas the liver sulfatide-sulfur specific activity exhibited 
very little change. ¥ 

5. Rat brain and liver sulfatide-sulfur concentration is de- 
pendent upon dietary protein intake. However, chemically 


did not affect the liver sulfatide-sulfur concentration. 

6. Silicic acid chromatography of S**-labeled, acetone-insoluble 
brain and liver lipids demonstrated the presence of at least two 
sulfatides in lipid extracts of both tissues. 
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Adipose tissue has two principal functions: to store excess 
nutrients as fat, and to release fatty acids on demand. These 
processes are controlled by the concentration of nutrients in the 
circulation, by the secretion of various hormones, and by nervous 
stimuli (2). The purpose of the work to be described was to 
investigate the mechanism which controls the release of fatty 
acids from adipose tissue. 

The intact animal fed with glucose or injected with insulin 
releases fatty acids from its adipose tissue at a reduced rate (3). 
An isolated piece of adipose tissue responds in a similar manner 
when glucose or insulin is added to the incubation medium (4); 
the release of fatty acids from the tissue is reduced or abolished, 
and the tissue takes up an increased amount of glucose. 

Conversely, starvation, which stimulates the release of fatty 
acids from adipose tissue, inhibits the uptake of glucose. These 
observations seem to indicate that the release of fatty acids from 
adipose tissue results from a decrease in the uptake and utiliza- 
tion of glucose. This theory, however, fails to explain the action 
of epinephrine, which stimulates fatty acid release and also 
stimulates glucose uptake (5). 

Fatty acids in adipose tissue are stored almost exclusively as 
esters (triglycerides) (6), but are released only as nonesterified 
fatty acids. Therefore, lipolysis is an essential step in the release 
process. It seems likely that one of the factors that regulates 
fatty acid release would be a lipase. Control could be exerted 
by the activation and inactivation of this lipase. The work to 
be presented demonstrates the presence in adipose tissue of a 
lipolytic system with these properties. 


EXPERIMENTAL PROCEDURE 


Methods 


Epididymal fat pads were obtained from Sprague-Dawley rats 
which weighed about 250 g and were fed a diet of Purina fox 
chow. The rats were anesthetized with 6 mg of pentobarbital 
per 100 g of body weight injected intraperitoneally. In order 
to minimize the effects of endogenous epinephrine production, 
hexamethonium (4 mg/100 g) was included in the injection and 
the animals were kept under quiet anesthesia for 30 minutes 
before removal of the fat pads. After removal, the fat pads were 
immediately placed in a solution of Krebs-Ringer-phosphate 
buffer (pH 7.4) which contained 5% “extracted albumin,” and 
were then incubated at 37°. The bovine albumin (Armour 


* This research was supported in part by Grant A-2427 from the 
National Institutes of Health, United States Public Health Serv- 
ice. 

tA preliminary report of this investigation has been made 


Fraction V) in the medium was extracted in advance by the 
method of Goodman (7) to reduce the concentration of preformed 
fatty acids. The pH of the albumin solution was adjusted by 
the addition of NaOH. 

Homogenization and centrifugation were carried out in a cold 
room at 4°. Extracts of fat pads were prepared by homogenizing 
the tissue in 3 ml of 0.25 m sucrose per g of tissue in a glass 
chamber with a Teflon pestle. The homogenate was centrifuged 
at 12,000 x g for 10 minutes. A fat cake accumulated at the 
top of the tube and was discarded. The remaining supernatant 
was saved for assay of lipolytic activity. The activity of the 
supernatant was not removed by centrifugation at 105,000 x g 
for 30 minutes but it did sediment in a small pellet when cen- 
trifugation was continued for 12 hours. 

The sediment obtained by centrifugation at 12,000 x g was 
washed by suspension in sucrose and centrifugation at 10,000 x 
g for 10 minutes. The supernatant fluid was then discarded and 
fresh sucrose added to restore the volume to that of the original 
homogenate. This suspension of sediment was centrifuged at 
800 x g for 10 minutes before use in order to remove the heavier 
particles. 

Lipolytic activity was measured by placing 0.2 ml of an extract 
in a glass-stoppered tube with 0.1 ml of a 1:4 dilution of Ediol 
(a commercial emulsion of 50% coconut oil), 0.5 ml of 20% 
extracted albumin at pH 6.8, 0.2 ml of 0.06 m phosphate buffer 
at pH 6.8, and sufficient distilled water to make a final volume 
of 2.0 ml. After 1 hour of incubation at 37°, the reaction was 
stopped by the addition of the organic solvents used to extract 
fatty acids from the contents of each tube. The method of 
extraction, with a solvent system that contained heptane and 
isopropyl alcohol, was that previously described by Dole (8). 
Control mixtures were not incubated, but extracted immediately 
after the tissue extract was added. The difference in the fatty 
acid content of 1 ml of the incubated and nonincubated mixtures 
is reported in the section on results as the lipolytic activity of the 
tissue extract. The triglyceride concentration of the coconut 
oil emulsion was determined by the method of Van Handel and 
Zilversmit (9). Fatty acids were determined by the method of 
Dole (8). Glycerol was determined by the modification of the 
method of Lambert and Neish described by Korn (10). 

The synthetic triglycerides used as substrates were of reagent 
grade and were obtained from the Eastman Organic Chemicals 
Department (tributyrin, tripalmitin, and tristearin) and the 
Hormel Institute (triolein and trilinolein). Analysis of the 
esterified fatty acids of these substances by gas-liquid chroma- 
tography revealed that they were over 98% pure. For use as 
substrates, these triglycerides were emulsified in water in a 
concentration of 0.1 M. Emulsification was accomplished by 
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adding lecithin (1.26 > weight per volume) and oxyethylene- 
propylene polymer (0.3% weight per volume) and mixing in a 
VirTis homogenizer at 45,000 r.p.m. 

Methy! esters of esterified fatty acids were prepared by inter- 
esterification with super dry methanol which contained 5% 
hydrochloric acid (11). 

Gas-liquid chromatography of methyl esters of fatty acids was 
carried out with an Apiezon stationary phase at 197°, argon as 
the carrier gas, and a strontium 90 ionization chamber detector 


(12). 
RESULTS 


Properties of Enzyme System—The pH optimum for the 
lipolytic system was determined by measuring its activity at pH 
values of from 5to 8. The molarity of the phosphate buffer was 
maintained constant (0.06 M) whereas the pH was varied. This 
resulted in a small increase in the ionic strength of the solution 
of less than 0.01. However, the effect of changing the ionic 
strength of the solution was tested by adding sodium chloride 
in concentrations of up to 0.6 M and this had no effect on lipo- 
lytic activity. 

A typical curve which shows the effect of pH on lipolytic 
activity is presented in Fig. 1. The plateau in the region of pH 
6 to pH 7 indicates maximal activity between these pH values 
under these conditions. 

A typical experiment to determine the effect of the concentra- 
tion of phosphate buffer on the lipolytie activity of the system 


500 


400+ 


~ 


Lipolytic activity (mumoles fatty acid/hour’ 


100 


pH 


Fic. 1. The effect of pH on lipolytic activity. The assay was 
conducted as described in the text, except for the adjustment of 
the albumin solution and the phosphate buffer to the appropriate 
pH values. 


TaBLeE 
Effect of buffer concentration on lipolytic activity 
The assay was conducted as described in the text except for the 
indicated changes in buffer concentration. 


i hosphate b . 
ate buffer Lipolytic activity 


mumoles fatty actd/hr 


| 
| 
No phosphate buffer added | 203 
2.4 x 10-3 | 230 
3.6 X 10°% 289 
4.8 X | 431 
6.0 X 10-3 | 648 
1x 107 | 662 
2X 10" | 659 
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600 
500 + 
400 + 
300 


200+ 


100 


Lipolytic activity (mymoles fatty acid/hour) 


O 


2.5 5.0 7.5 10 12.5 
Per cent albumin 


Fic. 2. The effect of the concentration of albumin on lipolytic | 
activity. The assay was conducted as described in the text, | 
except that the concentration of albumin was varied as indicated. _ 


500+ fe) 
400- 


300} 


/ 


0.1 0.2 0.3 


Tissue extract (ml) 


Fic. 3. The relation of the concentration of tissue extract to 
lipolytic activity. The assay was conducted as described in the 


Lipolytic activity (mumoles fatty acid/hour) 
fe) 


200 


text, except that the amount of tissue extract added was varied — 


as indicated. 


is shown in Table I. 
maximal at a phosphate concentration of 6 * 10-3 Mm and re- 
mained unchanged at higher phosphate concentrations. 

The effect of varying the concentration of albumin on the 
activity of the system is shown in Fig. 2. The results obtained 
indicate that the lipolytic activity of this system reached a 


maximum at an albumin concentration of 5.0% and did not — 


increase further at higher concentrations. 
Fig. 3 indicates a linear relationship between the concentration 


of tissue extract and the release of fatty acids from the coconut © 


oil substrate. 


Substrate Effects—Lipolytic activity reached a maximum at 
triglyceride concentration of 8 mm and remained constant at 


higher triglyceride concentrations (Fig. 4). 


The activity of the lipolytic system became — 


The release of fatty acid from the coconut oil substrate by the = 
enzyme system is compared with the release of glycerol in Table © 
II. One mole of glycerol should be released for each 3 moles of = 
fatty acid released. Since the observed value for glycerol was © 


consistently less than the theoretical value, a partial rather than 
a complete splitting of triglycerides probably occurs. This 
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600 
500 |- 
400+ 
300+ 
200+ 


Lipolytic activity (mpmoles fatty acid/hour) 


i 1 
4.6 6.1 7.6 9.1 
Triglyceride concentration (mM) 


Fic. 4. The effect of the concentration of substrate on lipolytic 
activitv. The assay was the same as described in the text, ex- 
cept that the amount of coconut oil emulsion added was varied 
in order to obtain the indicated concentrations of triglyceride. 


II 
Relation of glycerol release to fatty acid release 
The conditions used were the same as described in the text for 
the assay of lipolytic activity. The data shown have been cor- 
rected for the fatty acid and glycerol concentrations of unincu- 
bated controls. 


“Glycerol” released 
— Fatty acid released 
Theoretical* Observed 
myumoles/hr myumoles/hr 
1 492 164 104 
2 507 169 120 
3 462 154 123 
4 | 551 187 123 


* Assuming complete splitting. 


| could be explained by the formation of mono- and diglycerides 
as has been shown to occur in other lipolytic systems (13, 14). 


The chain length of fatty acids esterified in triglycerides was 
found to affect the rate of lipolysis (Table III). Short chain 
fatty acids were split from triglycerides at a much faster rate 
than fatty acids of longer chain length. The diunsaturated 
fatty acid of trilinolein, however, was split off at a much faster 
rate than would have been expected from its chain length. A 
fatty acid of 18 carbons, it was split off at a rate more than five 
times as fast as stearic acid, the saturated 18-carbon acid. The 


- monounsaturated fatty acid of triolein, however, which also has 


18 carbon atoms, was a much poorer substrate than tristearin. 


At least two emulsified preparations of each triglyceride were 


made and all preparations gave essentially the same results as 


shown in the table. 


Effect of Inhibitors (Table IV)—Sodium fluoride is an efficient 


inhibitor of the lipolytic system under study and has been re- 


ported to cause only slight inhibition of the lipoprotein lipase 


' eluted from adipose tissue by incubation with heparin (16). On 
_ the other hand, ethylenediaminetetraacetate (17), NaCl (16), 


K:HPO, (17), and sodium pyrophosphate (17), which are strong 
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inhibitors of lipoprotein lipase, inhibited the enzyme system 
under study only weakly and, except for sodium pyrophosphate, 
even when used in twice the concentration to which lipoprotein 
lipase was exposed. 

Effect of Incubation on Lipolytic Activity of Adipose Tissue— 
The following experiments show the effect of prior treatment of 
the tissue on the lipolytic activity of extracts. The results in 
Table V show that the amount of lipolytic activity extractable 
from fat pads incubated in 5 mM glucose decreased in the course 
of incubation as determined by comparison with the amount of 
activity extractable from fat pads which were not incubated. 

In Table V the fat pads described above are also compared 
with fat pads incubated without glucose and with fat pads incu- 
bated with 10 mm and 20 mm glucose. Fat pads incubated 
without glucose lost half their lipolytic activity in 1 hour, 


III 
Lipolytic activity versus fatty acid composition 
of triglyceride substrates 
The assay was conducted as described in the text except that 
the indicated triglycerides were substituted for coconut oil in a 
0.1 M concentration. 


Corrected 
Substrate acuvity factor” 
myumoles fatty mypmoles fatty 

acid/hr acid/hr 
182 0.89 204 
Tripalmitin.............. 106 1.00 106 
| 32 0.99 32 
Trilinolein............... 319 0.99 322 


* The recovery factor (15) takes into account differences in the 
recovery of fatty acids relative to palmitic acid, as well as the 
different volumes of the two phases of the solvent system. 


TaBLe IV 
Effect of inhibitors 

The degree of inhibition was determined by conducting the 
assay for lipolytic activity both in the absence and presence of the 
indicated concentrations of inhibitors. The concentrations cho- 
sen were those reported to inhibit other lipase preparations. 
Where a second concentration was used, this was twice that found 
to inhibit other lipase preparations. 


| Per cent inhibition 
Inhibitor Concentration 
Present Cherkes and | Korn and 
| study Gordon (16) | Quigley (17) 
EDTA 8 X 10°*M 7 60 
1.6 X M 14 
NaCl 0.3 M 2 83 
| 0.6 M 16 
Sodium pyro- 8 X 10°™M 16 60 
phosphate 1.6 X 10°? M 74 
K:HPO, 0.1™M 0 90 
0.2 M 0 
Protamine 150 0 57 
300 0 
NaF 0.2 M 66 7 
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TABLE V 
Effect of glucose concentration of medium on lItpolytic activity of 
adipose tissue during incubation 
Incubation of fat pads and assay of extracts for lipolytic ac- 
tivity were conducted as described in the text. The values in the 
table represent the means and standard deviations of six experi- 
ments. 


Incubation time Glucose a enim of Lipolytic activity 
hrs mM mpmoles fatty acid/hr 
0 0-20 481 + 70 
1 0 253 + 56 
3 0 224 + 36 
} 5 471 + 19 
1 5 354 + 45 
2 5 "337 + 25 
3 5 221 + 19 
1 | 10 404 + 133 
3 10 391 + 54 
1 | 20 430 + 111 
3 | 20 455 + 192 
TABLE VI 


Effect of epinephrine on lipolytic activity of adipose tissue 
Epinephrine was added in a concentration of 1.6 ug per ml of 
incubation medium. Incubation and assay for lipolytic activity 
were conducted as described in the text. The contralateral fat 
pad from the same animal served as the control for the epineph- 
rine-treated fat pad. The values in the table represent the means 
and standard deviations of six experiments. 


Lipolytic activity 


Incubation | Glucose. | | p< 

time concentration 

Control | Epinephrine | 

Ars mM myumoles fatty acid/hr | 
1 0 | 23+56 | 3100+44 | 
3 0 2244436 | 317470 0.02 
1 5 354 + 54 415 + 86 «0.05 
3 5 221 + 30 292 + 53 0.02 
| 10 372 + 82 54438 + 159 
3 10 391 + 54 488 + 37 0.02 
430+ 111 | 567+ 82 0.02 
455+ 192 | 613+ 54 


* Not statistically significant. 


whereas fat pads incubated in 5 mM glucose lost an equal portion 
of their activity only after 3 hours of incubation. When the 
glucose concentration of the medium was raised to 10 to 20 mm, 
the apparent level of lipolytic activity present in extracts of the 
tissue remained constant throughout the period of incubation. 

Effect of Epinephrine on Lipolytic Activity of Adipose Tisswe— 
Between 25 to 30% more lipolytic activity was extractable from 
adipose tissue incubated in media that contained epinephrine 
than from tissue incubated without epinephrine. The statistical 
significance of these differences is indicated by the values for p 
given in Table VI. 

Epinephrine also caused an increase in the release of fatty acid 
from fat pads into the incubation medium. Control fat pads 
released 1.7 + 1.2 uwmoles per g of tissue, whereas epinephrine- 
treated pads released 9.9 + 1.9 umoles per g of tissue (p < 0.001 
for the difference between the control and treated tissues). The 


lipolytic activity extractable from these same tissues is indicated 
in Table VI (3-hour incubation in 5 mo glucose). 

Effect of Starvation on Adipose Tissue—The results recorded jn 
Table VII indicate that the extracts prepared from the tissue; 
of starved animals contained significantly higher levels of lipo. 
lytic activity than tissues from normally fed animals. The 
lipolytic activity in extracts of the tissues incubated in 5 my 
glucose was lower than that of the tissues which had not beep 
incubated. However, the level of lipolytic activity in extracts 
of tissues from fasted animals fell relatively little compared to 
the fall in activity observed in extracts of tissues from fed ani. 
mals. The level of activity present in the extracts of tissues of 
fasted animals differed significantly from the activity found 
in tissues from fed animals. 

The tissues from fasted animals released three times more 
fatty acid into the medium than tissues from fed animals, 1.5 + 
1.0 uwmoles per g of tissue from fed animals versus 4.7 + 22 
umoles per g of tissue from fasted animals (p = 0.01) in 3 hour, 

Effect of Epinephrine on Lipolytic Activity of Extracts of Adipox 
Tissue—The results obtained in the experiments described thu 
far indicate that the lipolytic activity of adipose tissue is de. 
creased during incubation and increased when the tissue js 
exposed to epinephrine. In order to provide a direct demonstra- 
tion of the activation of the lipolytic system under study, expen. 
ments were done to determine the conditions necessary for an 
activation of the lipolytic activity in cell-free extracts of adipose 
tissue. Two typical experiments are presented in Table VIII. 

As in previous experiments, the extracts of fat pads which had 
been incubated contained less lipolytic activity than the ex. 
tracts of nonincubated tissues (Table VIII, Line 1 versus Line 
2). When extracts from fat pads that had lost lipolytic activity 


during incubation were incubated with epinephrine, a large 
return of lipolytic activity resulted in extracts of tissues incu- 
bated for 3 hours, whereas only a slight return resulted in ex- 


‘tracts of tissues incubated for 1 hour (Table VIII, Line 3). 


Incubation of extract supernatant with washed sediment had no 
effect on lipolytic activity (Table VIII, Line 4). However, 
incubation with both epinephrine and sediment caused an in- 
crease in lipolytic activity to levels almost as high as those present 
in extracts from fresh (i.e. nonincubated) fat pads (Table VIII, 
Line 5 versus Line 1). The washed sediment could be replaced 
completely by ATP. Thus, the lipolytic activity of the extract 
supernatant of incubated fat pads was restored by incubatior 
with epinephrine and ATP (Table VIII, Line 6), but ATP alone 
had no effect (Table VIII, Line 7). Sediment from fresh fat 


pads restored lipolytic activity (to extracts from incubated pads) 


without the addition of epinephrine (Table VIII, Line 8); thi! 
sediment in itself had no lipolytic activity. These experiments’ 


TaBLeE VII 
Effect of starvation on adipose tissue 


Incubation and assay for lipolytic activity were conducted 4 


described in the text. 


Lipolytic activity 
Incubation p< 
Fed animal Fasted animal 
hrs mpmoles fatty acid/hr 
0 481 + 70 680 + 110 0.01 
3 296 + 64 550 + 57 0.001 
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demonstrate that the loss of lipolytic activity which occurs during 
incubation was caused by inactivation of the lipolytic system, 
and that reactivation can occur under the influence of epineph- 
rine. 

DISCUSSION 


The enzyme system that is extracted from epididymal fat 
pads by the present method appears to be different from lipo- 
protein lipase (16), the other principal lipolytic enzyme system 
of the adipose tissue of the rat. It has maximal activity at a 
pH of between 6 and 7, whereas lipoprotein lipase (16) and 
lipolytic enzyme systems, isolated from the adipose tissue of man 
(18) and the dog (19), are most active between pH 8 and 9. 
Sodium fluoride strongly inhibits the present enzyme system, 
but does not inhibit lipoprotein lipase (16). On the other hand, 
the principal inhibitors of lipoprotein lipase (16, 17) in adipose 
tissue (namely, ethylenediaminetetraacetate, protamine, phos- 
phate, and NaCl) have little effect on this lipolytic system (Table 
IV). In its response to inhibitors and in its mode of action, the 
present lipolytic system resembles pancreatic lipase (13) more 
closely than any of the other lipolytic enzymes of adipose tissue. 

The present lipolytic system appears to be responsible for the 
accelerated release of fatty acids from adipose tissue in response 
to epinephrine and to fasting. Its activity increases during 
fasting, whereas the activity of lipoprotein lipase decreases (20, 
21). The addition of protamine, or lowering the pH to 6, both 
of which strongly inhibit lipoprotein lipase, fail to inhibit the 
release of fatty acids from adipose tissue (22). 

The reversible activation and inactivation of the present 
lipolytic system provides a means of control of the release of 
fatty acids from adipose tissue. Epinephrine not only causes an 
increase in the level of lipolytic activity of fat pads that have 
been incubated in its presence, but also activates extracts made 
from fat pads which have lost a part of their lipolytic activity. 

Epinephrine seems to act in lipolysis, as in glycogenolysis (23), 
by activating an enzyme system. This hormone apparently 
controls the activation of phosphorylase by regulating the 
activity of the enzymes concerned with its activation (24). If 
epinephrine regulates the lipolytic system under study in a 
similar manner, we may expect to find an activating system for 
this enzyme system which is controlled by epinephrine. The 
action of epinephrine on this lipase may be mediated by an 
auxiliary factor such as cyclic 3’,5’-AMP, which is involved in 
phosphorylase activation (25). Preliminary investigations 
indicate that cyclic 3’,5’-AMP itself may not be involved in 
lipase activation. If the mediator of the hormonal effect proves 
to be different in this system, a new compound possibly awaits 
discovery and investigation of its mechanism of action. 

It was somewhat surprising to find that fresh tissues from fed 
animals and tissues incubated in media that contained a high 
concentration of glucose, which release relatively little fatty 
acid, yield high concentrations of active enzyme on extraction. 
For example, extracts of tissues from fed animals were found to 
have a lipolytic activity of about 0.4 umole per hour, which 


indicates that a 30-mg piece of tissue should be able to release 1.2 
- pmoles of fatty acid in 3 hours. Such tissue actually releases 


only 0.05 umole of fatty acid in a 3-hour incubation. A similar 


discrepancy between the high enzymic activity of extracts and 
the relatively low activity of intact tissue was noted by Cori (26) 
in studying the activity of the phosphorylase present in muscle. 
He found that an inactive phosphorylase was activated when the 
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TaBLe VIII 
Activation of lipase in extracts of adipose tissue 


Paired fat pads from the same animal were used for each experi- 
ment. Before the preparation of Extract B, the fat pad was 
incubated in the absence of glucose. The extracts and any addi- 
tions indicated were made up with Tris buffer (pH 7.5) to a final 
volume of 0.5 ml. The final Tris buffer concentration was 10 um. 
The mixture was incubated for 10 minutes before its lipolytic 
activity was determined. The assay for lipolytic activity was 
conducted as described in the text, except that 0.5 ml of Tris 
buffer that contained tissue extract and the indicated additions 
was used in place of the tissue extract. 


Lipolytic activity 
Not (brs | Novi 
incubation) incubation) 
mymoles fatty acid/hr 
Line 
1 Extract A (0.2 ml) (nonincubated fat 
2 Extract B (0.2 ml) (incubated fat 
Additions to Extract B 
3 Epinephrine (5 uwg/ml).............. 459 293 
4 Sediment B (0.2 ml)................ 459 189 
5 Epinephrine + sediment B.......... 513 314 
6 Epinephrine + ATP (0.54 umole/ml). 540 336 
7 ATP (0.54 umole/ml)............... 432 203 
8 Sediment A (0.2 ml)................ 540 357 


tissue was homogenized. Activation could be partially pre- 
vented by chilling the homogenizing instruments and placing 
ethylenediaminetetraacetate in the medium. In the present 
work these procedures failed to prevent activation of the adipose 
tissue lipolytic system. During homogenization the cellular 
architecture is disrupted and the lipase presumably is activated 
by the subcellular elements that, in the present work, have been 
found to contain an activating system. 

Activation of the lipolytic system during homogenization could 
explain the discrepancy between the large effect of epinephrine 
on fatty acid release from intact tissue and the relatively small 
effect on the level of lipolytic activity extractable from tissues. 

Adipose tissue from fed animals releases relatively little fatty 
acid during incubation and it loses a large part of its lipolytic 
activity. In contrast, adipose tissue from starved animals 
incubated without epinephrine not only has a higher level of 
lipolytic activity than tissue from fed animals before incubation, 
but also maintains the high level during incubation while it 
releases large amounts of fatty acids. Tissues from fed animals 
which are incubated with epinephrine act in a similar fashion. 
Increased sympathetic stimulation during fasting might be 
responsible for this epinephrine-like effect (27). 

All lipolytic systems thus far studied act in a stepwise fashion 
(13, 14) and the present epinephrine-sensitive lipolytic system 
probably acts in the same manner. This is in accord with the 
work of Wadstrom (28), who found lower glycerides in adipose 
tissue of rabbits after treatment by injection of epinephrine. 


SUMMARY 


A lipolytic enzyme system has been extracted from the rat 
epididymal fat pad which differs from other known lipases of 
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adipose tissue in pH optimum, response to inhibitors, sensitivity 
to epinephrine, and response to fasting. 

Fat pads from fasted animals released fatty acids at a faster 
rate during incubation and yielded more lipolytic activity on 
extraction than did tissues from fed animals. In their acceler- 
ated rate of release of fatty acids and their high yield of lipolytic 
activity on extraction, fat pads from fed animals incubated with 
epinephrine resemble the fat pads of fasted animals which have 
not been epinephrine-stimulated. 

The lipolytic activity of the fat pad was extractable in sucrose 
solutions. The yield and state of the enzyme system depended 
on the treatment of the tissue before extraction. 

Extracts made from tissues which had lost lipolytic activity 
during incubation were found to contain an inactive lipolytic 
enzyme system. This lipolytic system could be activated by 
incubating these extracts with epinephrine and tissue sediment 
or epinephrine and ATP used in place of the tissue sediment. 
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The epididymal adipose tissue of the male rat has been ex- 
tensively studied in the past with the use of whole tissue incuba- 
tions, with labeled and unlabeled substrates, and with the War- 
burg respirometer (1-3). These investigations have varied 
greatly in design and execution, but in general, investigators 
have sought to understand the intermediary metabolism of the 
tissue under physiological conditions and under the influence 
of different incubation media, different substrates, and various 
hormones (4-15). The study of the synthesis of fatty acids 
by these techniques has been of special interest and, although 
the effects on fatty acid synthesis under these various conditions 
have been observed, no studies on the mechanism of fatty acid 
synthesis by this tissue have been undertaken. 

Fatty acid synthesis by soluble enzyme systems has been 
studied in mammalian and avian liver (16-25), veast (26), lac- 
tating rat and rabbit mammary gland (27, 28), and bacteria 
(29, 30). Recent evidence has established that malonyl coen- 
zyme A is an intermediate in the conversion of acetyl coenzyme 
A to long chain fatty acids (24, 26, 31), and that acetyl coenzyme 
A and reduced triphosphopyridine nucleotide, in addition to 
malonyl coenzyme A, are required for the synthesis of palmitic 
acid. The details of this biosynthetic process have not been 
elucidated. Preliminary experiments have suggested two pos- 
sible reactions for the initial condensation reaction of fatty acid 
synthesis involving acetyl coenzyme A and malonyl! coenzyme A. 
Wakil (25) and Steberl et al. (32) have favored a simple conden- 
sation that would yield an a-carboxy-@-ketothiolester, whereas 
Vagelos and Alberts (30) and Lynen et al. (33) have favored a 
concerted condensation-decarboxylation that would yield a B- 
ketothiolester. 

The present paper describes the results of studies on the partial 
purification and properties of a soluble enzyme from rat epididy- 
mal adipose tissue that synthesizes long chain fatty acids. When 
acetyl coenzyme A, malonyl coenzyme A, and reduced triphos- 
phopyridine nucleotide are used as substrates, palmitic acid is 
the principal product of the reaction. As will be described in 
the next communication (34), when branched chain or odd num- 
bered fatty acyl coenzyme A derivatives are substituted for 
acetyl coenzyme A, branched or odd numbered long chain fatty 
acids are formed, with the acetyl coenzyme A substitute in the 
terminal position. Studies of the stoichiometry of palmitate 
synthesis by this endyme system indicate the following over-all 
reaction: 


Malonyl-CoA + acetyl-CoA + 14 TPNH 
— palmitate + 14 TPN + 7 CO. + 8 CoA 


* Fellow of the Boston Medical Foundation, Inc. 


In addition, evidence is presented that this purified enzyme 
catalyzes a malonyl coenzyme A-COz2 exchange reaction similar 
to that described previously in Clostridium kluyveri (30), favoring 
the view that the initial condensation reaction of fatty acid syn- 
thesis is a concerted condensation-decarboxylation. 


EXPERIMENTAL PROCEDURE 


Materials—Malonyl-CoA-2-C™ was prepared by the method 
of Trams and Brady (35). Acetyl-CoA-1-C™ was synthesized 
according to the method of Simon and Shemin (36). TPNH 
and DPNH were obtained from the Sigma Chemical Company. 
CoA was purchased from the Pabst Laboratories. Malonic 
acid-2-C4, C'™-bicarbonate, and acetic anhydride-1-C™ were 
purchased from the Volk Radiochemical Company. — 

Animals—Rats of the Sprague-Dawley and Osborne-Mendel 
strains, weighing about 200 g each, were used (no differences 
between strains were found). They were fed Purina rat pellets 
ad libitum before being killed by cervical dislocation. 

Fatty Acid-synthesizing Enzyme Assay—The assay was carried 
out in 1.5 ml cuvettes with a 1.0-cm light path containing a total 
volume of 1.0 ml. The cuvettes contained 50 umoles of potas- 
sium phosphate buffer, pH 7.0, 2.5 umoles of 2-mercaptoethanol, 
0.2 umole of TPNH, 0.05 umole of malonyl-CoA, and 0.05 umole 
of acetyl-CoA. Reference cuvettes lacked TPNH, malonyl-CoA, 
and acetyl-CoA. The reactions were started by the addition 
of 0.25 to 2.0 units of enzyme. The decrease in absorbancy 
at 340 my was followed for 3 minutes after the addition of en- 
zyme. A unit of enzyme activity is the amount of enzyme re- 
quired to give a decrease in absorbancy at 340 mu of 0.100 in 3 
minutes. 

Malonyl-CoA-CO, Exchange Enzyme Assay—The exchange 
reaction was assayed by measuring the amount of HC™“O;- 
fixed during a 1l-hour incubation under the conditions of the 
assay (30). The enzyme, 0.5 to 2.5 units (see below for defini- 
tion), was preincubated at 30° with 10 uwmoles of 2-mercapto- 
ethanol, 50 wmoles of triethanolamine hydrochloride buffer, 
pH 7.0, and 0.1 wmole of caproyl-CoA in a total volume of 0.4 
ml. After 15 minutes, the reaction was started by adding 0.05 
ml of a solution of malonyl-CoA (3.5 wmoles per ml) and 0.05 
ml of a solution of KHC™O; (200 umoles, 400 we per ml). After 
a 1-hour incubation at 30°, the reactions were stopped by adding 
0.05 ml of 10% perchloric acid solution. The precipitated pro- 
tein was sedimented by centrifugation, and 0.05 ml of the super- 
natant solutions was plated and counted directly. Crude ex- 
tract was assayed after thorough dialysis to exclude nonspecific 
fixation of HC“O;-; all other enzyme preparations were assayed 
directly. A unit of enzyme activity in the exchange reaction 
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TABLE I 
Purification of palmitate-synthesizing and exchange enzymes 
| Palmitate-synthesizing | Exchange Ratio of 
enzyme enzyme palmitate- 
Fraction | 
mg units | units units/mg 
Spinco supernatant...| 306 460 980 3.2 0.47 
Ammonium sulfate, 0 | | 
| 82 | 460; 3.8] 723 8.8 0.43 
Calcium phosphate | 
gel eluate........... 24 390 14.5 | 612) 25.5) 0.57 
Alumina Cy geleluate. 16 327 28.3 610) 38.2) 0.75 
DEAE-cellulose col-_ | | 
umn eluate. ........ | 1.5 107 73.0 200 | 133 0.55 


is the amount of enzyme required to catalyze the fixation of 
1000 ¢.p.m. (counter efficiency, 43°). 

Protein was measured spectrophotometrically by the method 
of Warburg and Christian (37)- 

Tissue Preparation—The adipose tissue attached to the su- 
perior pole of each testis was rapidly removed as previously 
described (38) and dropped into freshly prepared chilled buffer 
containing 0.25 m sucrose, 0.001 mM Versene (ethylenediamine- 
tetraacetate), pH 7.0, and 0.01 mM 2-mercaptoethanol. Addi- 
tional buffer was added to make a 1:5 (tissue-buffer) dilution, 
and the suspension was homogenized in a Potter-Elvehjem ap- 
paratus with a Teflon pestle. Cell debris and gross fat were 
removed by an initial centrifugation for 15 minutes at 9,000 x 
gat 4°. The supernatant solution (minus fat) was centrifuged 
for 60 minutes at 105,000 x g in the Spinco preparative ultra- 
centrifuge. The resultant soluble supernatant solution was 
used for the initial incubation experiments and subsequent 
purification steps. 


Fatty Acid-synthesizing Enzyme Purification 


All operations were done at 0-4°. 

Step 1. Ammonium Sulfate—To 116 ml of the high speed 
supernatant solution containing 162 mg of protein were added 
12.9 ml of M triethanolamine hydrochloride buffer, pH 7.5. 
Solid ammonium sulfate was added slowly with constant stirring 
to bring the solution to 45°% saturation. After equilibration 
and centrifugation, the precipitate was dissolved in 8 ml of a 
solution that was 0.05 m with respect to triethanolamine hydro- 
chloride buffer, pH 7.5, and 0.01 mM with respect to 2-mercapto- 
ethanol, and dialyzed 3 hours against 4 liters of 0.01 m 2-mer- 
captoethanol (the dialysis solution was renewed after 2 hours). 

Step 2. Calcium Phosphate Gel—The dialyzed solution was 
diluted to 20.6 ml with water and acidified to pH 6.5 by dropwise 
addition of 0.1 M acetic acid. To this solution, containing 4.0 
mg of protein per ml, were added 3.8 ml of calcium phosphate 
gel (25.1 mg per ml) and 7.6 ml of water. After 15 minutes of 
constant stirring, the solution was centrifuged, and the precipi- 
tate was mixed for 15 minutes with 11 ml of a solution that was 
0.1 M with respect to potassium phosphate buffer, pH 7.8, and 
0.01 m with respect to 2-mercaptoethanol. The calcium phos- 


phate gel was removed by centrifugation, and the supernatant 
solution was dialyzed for 1 hour against 4 liters of 0.01 m 2- 
mercaptoethanol. 


Step 3. Alumina Cy Gel—The dialyzed eluate from Step 2 
was diluted with water to give a protein concentration of 2.0 
mg per ml, and 0.1 M acetic acid was added dropwise to achieve 
a pH of 7.0. To this solution (11 ml) were added 2.0 ml of 
alumina Cy gel (31.6 mg per ml) and 5.5 ml of water. After 
15 minutes, the suspension was centrifuged, and the precipitate 
was mixed for 15 minutes with 10 ml of a solution that was 0.1 
M with respect to potassium phosphate buffer, pH 7.8, 0.01 x 
with respect to 2-mercaptoethanol, 0.1 mM with respect to potas- 
sium chloride, and 10° with respect to ammonium sulfate. 
The suspension was then centrifuged, and the supernatant solu- 
tion was dialyzed for 2 hours against 4 liters of 0.01 M potassium 
phosphate buffer, pH 7.0, and 0.01 mM 2-mercaptoethanol (the 
dialysis solution was renewed after 1 hour). 

Step 4. DEAE-cellulose Column—The eluate from the above 
step (10 ml) was applied to a 15 X 2-em DEAE-cellulose col- 
umn, prepared after the method of Sober and Peterson (39), 
A logarithmic gradient elution was set up with 500 ml of 0.01 
M potassium phosphate, pH 7.0, in the mixing flask and 500 ml 
of 1.0 mM potassium phosphate buffer, pH 7.0, in the reservoir. 
Both solutions also contained 0.01 mM 2-mercaptoethanol. The 
column was eluted at the rate of 5 ml per minute. The enzyme 
was recovered usually between 100 and 150 ml, the majority 
of the high specific activity protein being in 2 or 3 tubes. 

The purified enzyme loses about 25 to 35% of its activity 
daily when stored at 0—4° (this is true for the crude extract also). 
Freezing and lyophilization destroy it completely. 2-Mercapto- 
ethanol at a concentration of 0.01 m decreases the daily loss by 
about 50%. Table I presents the results of this purification, 


showing about a 49-fold purification with a recovery of 23% of | 


the activity. 


RESULTS 


Incubation Experiments—With use of the crude Spinco super- — 


natant solution in incubation experiments with malonyl]-CoA- 
2-C, the requirements for long chain fatty acid synthesis could 
be readily demonstrated. The composition of the incubation 
mixtures is described in Table II. The incubations were stopped 
and the fatty acids extracted as described previously (40). Ta- 
ble II indicates that the conversion of malonyl-CoA-2-C¥ to 
hexane-extractable fatty acids was essentially dependent upon 
the presence of acetyl-CoA and TPNH. DPNH could not 
substitute for TPNH. Fatty acid synthesis in the absence of 
acetyl-CoA with the crude enzyme was due to a contaminating 
malonyl-CoA decarboxylase (that would yield acetyl-CoA). 
The highly purified enzyme had very little activity in the absence 
of acetyl-CoA (see below). 


Identification of Products—The radioactive products from the | 


above incubation experiments proved to be hexane-extractable 
from acid solution without prior treatment with alkali. There- 
fore, the products were free fatty acids and not acyl-CoA deriva- 
tives. These fatty acids were tentatively identified by gas 
chromatography (Fig. 1) as palmitate, myristate, and stearate. 
The predominant fatty acid was palmitate. 

Palmitate was further identified by adding 5.1 mg of authentic 
palmitate carrier to the extracted radioactive product of an in- 
cubation experiment. This was chromatographed on a Celite 
column (Johns-Manville silicone-treated Chromosorb W, 80 to 
100 mesh) containing 8% paraffin as the stationary phase and 
was eluted with increasing concentrations of acetone in water 
(41). The fatty acid peak in the eluate was identified by titra- 
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tion with 0.01 nN NaOH. Fig. 2 indicates that the radioactivity 
paralleled the titratable acid (this experiment contained no radio- 
active stearate or myristate). The peak tubes of palmitate were 
combined and concentrated. The p-toluidide derivative was 
made (42) and recrystallized to constant specific activity (Table 
III). 

Spectrophotometric Studies with Purified Enzyme—The finding 
of the dependence of the reaction on TPNH made feasible the 
use of the decrease in absorbancy at 340 my as a means of follow- 
ing the reaction spectrophotometrically. Fig. 3 demonstrates 
the rapid decrease in absorbancy at 340 my when malonyl-CoA, 
TPNH, and acetyl-CoA were incubated with enzyme. Omission 
of malonyl-CoA completely eliminated TPNH oxidation; omis- 
sion of acetyl-CoA reduced the TPNH oxidation to about one- 
tenth of the complete system, confirming the radioactivity experi- 
ments above. Other fatty acyl-CoA compounds of intermediate 
length (butyryl-CoA, caproyl-CoA, caprylyl-CoA) could fulfill 
the requirement for acetyl-CoA. 

Kinetics of Reaction—Fig. 4 shows that under the conditions 
of the enzyme assay there was a linear decrease in absorbancy 
at 340 my (zero order kinetics) over at least the initial 3 minutes 
of the reaction at several enzyme concentrations. <A satisfactory 
enzyme concentration curve could be drawn from this data. 

Effect of Substrate Concentrations—The concentration of mal- 
onyl-CoA required for half-maximal activity of the enzyme 
was 2.2 <X 10-5 M; that for acetyl-CoA was 3.0 * 10-° M; and 
that for TPNH was 3.1 X 10-5 M. 


TaBLeE II 
Palmitate synthesis by rat epididymal enzyme 
The complete system contained 100 wmoles of KPO, buffer, 
pH 7.0, 0.1 umole of malonyl-CoA-2-C" (57,000 c.p.m.), 0.1 umole 
of acetyl-CoA, 1.0 umole of TPNH, 1.0 umole of DPNH, 2 umoles 
of 2-mercaptoethanol, and 1.4 mg of enzyme (Spinco supernatant), 
in a total volume of 2.0 ml, and was incubated 1 hour at 30°. 


Component omitted Protein 
c.p.m./mg 
26 , 950 
10.000 + 
= 
51000 + 
1000 
5 16) 20 25 30 


TIME IN MINUTES 


Fic. 1. Gas chromatographic record of the products of the 
reaction of the enzyme with acetyl-CoA, radioactive malonyl- 
CoA,and TPNH. The mass line records the retention time of the 
long chain fatty acids; the heavy line is the integral record of the 
radioactivity of the effluent peaks and identifies the fatty acids 
synthesized during the reaction. An ethylene glycol-succinate 
column at 155° was used. 
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Fic. 2. Celite column chromatography of the radioactive reac- 
tion product. The correlation in each tube of the Celite column 
eluate of the titration of the fatty acid with the radioactivity. 
Radioactivity (O) and titratable acidity (@) are indicated. The 
eluting solution for this peak was 60% acetone in water. 


TaBLeE III 
Enzymatic product — palmitate 


p-Toluidide derivative of isolated radioactive palmitate plus 
carrier authentic palmitate recrystallized to constant specific 
activity. 


Crystallization Solvent Radioactivity Melting point 
c.p.m./mg 
First Methanol 200 91° 
Second Acetone 238 92° 
Third Ethyl acetate 241 93° 
Fourth Methanol 244 95° 
T T 
0 NO MALONYL CoA 


NO ACETYL CoA 


DECREASE IN ABSORBANCY AT 340myu 


MINUTES 


Fic. 3. Spectrophotometric evidence for the requirements of 
the fatty acid-synthesizing enzyme. The complete system con- 
tained 50 umoles of potassium phosphate buffer, pH 7.0, 2.5 umoles 
of 2-mercaptoethanol, 0.05 umole of malonyl-CoA, 0.05 umole of 
acetyl-CoA, and 0.2 umole of TPNH, in a final volume of 1.0 ml. 
The reference cuvette lacked TPNH, malonyl-CoA, and acetyl- 
CoA; assay cuvettes were complete except for omissions noted. 
The addition of 1.2 units of enzyme started the reaction. The 
decrease in absorbancy at 340 mu was followed. 


Effect of Mercaptans—2-Mercaptoethanol reduced the rate 
of enzyme inactivation to about one-half. When included during 
the assay, it stimulated the reaction (Fig. 5). Glutathione 


could similarly stimulate the reaction. p-Chloromercuriphenyl 
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MG PROTEIN 
0.028 


0.1 
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Fic. 4. The kinetics of the reaction. The system contained in 
the cuvettes was identical to Fig. 3 with increasing concentrations 
of enzyme (9.5 units per mg) as noted. 
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Fic. 5. The effect of increasing concentration of added 2-mer- 
captoethanol on the change in absorbancy at 340 mp. The con- 
tents of cuvettes, except for 2-mercaptoethanol, were the same as 
Fig. 3. Approximately 0.5 umole of 2-mercaptoethanol in each 
assay came from 2-mercaptoethanol added to the enzyme solution 
for stabilization. 


TaBLeE IV 
Stoichiometry of palmitate synthesis by rat adipose tissue 
Both assay systems contained KPO, buffer, pH 7.0, TPNH, 
2-mercaptoethanol, malonyl-CoA, and acetyl-CoA in identical 
concentrations. Malonyl-CoA was labeled in one and acetyl-CoA 
in the other. | 


| Labeled substrate incorporated 
into palmitate 


Assay oxidized 
_ From malonyl- | From acetyl- 
| pmole : pmole pmole 
Malonyl-CoA, | | 
0.0438 (14.6)* 0.0195 (6.5) | 
Acetyl-CoA, la- | | 
0.0440 (14.7) 0.0030 (1) 


i 


* Numbers in parentheses indicate the number of moles per 
mole of palmitate. 


sulfonic acid (3.0 K 10-% m) inhibited the reaction completely, 
and this inhibition could be reversed by the addition of excess 
2-mercaptoethanol. 

Effect of pH—The enzyme was found to have a rather sharp 
pH optimum at 6.6. 

Stoichiometry of Reaction—The stoichiometry of palmitate 
synthesis from malonyl-CoA and acetyl-CoA was derived in 


the following manner. Parallel experiments were set up con- 
taining 0.05 umole of malonyl-CoA, 0.05 umole of acetyl-CoA, 
0.4 umole of TPNH, and 1.8 units of the purified enzyme, as 
well as phosphate buffer and 2-mercaptoethanol. In one case, 
malony]-CoA-2-C™ (0.987 ue per pmole) was used with unlabeled 
acetyl-CoA; in the other, acetyl-CoA-1-C™ (0.58 we per umole) 
was used with unlabeled malonyl-CoA. TPNH oxidation was 
measured spectrophotometrically at 340 my. Another control 
experiment was done in which TPNH oxidation in the complete 
system minus malonyl-CoA or acetyl-CoA indicated exactly 
how much of the decrease at 340 my was due to the specific 
reaction being measured. After 30 minutes, the reactions were 
stopped by the addition of an equal volume of 10% alcoholic 
KOH. It was noted that identical amounts of TPNH were 
oxidized in the experiment with labeled malonyl-CoA or with 
labeled acetyl-CoA, indicating that in both cases identical 
amounts of fatty acids were formed. Authentic palmitate, 12.3 
mg, was added to both tubes and the radioactive plus carrier 


palmitate was isolated by Celite column chromatography (as | 
described above). Palmitic acid was located by titration with | 


standard alkali. The peak tubes were pooled and the solutions 
concentrated by evaporation, transferred to scintillation count- 
ing vials, and taken to dryness under reduced pressure. Tol- 
uene containing 0.4% 2,5-diphenyloxazole was added, and the 
two samples were counted in the Packard liquid scintillation 
counter, appropriate correction being made for quenching. It 
was calculated that the ratio of malonyl-CoA to acetyl-CoA 
incorporated into palmitate was 6.5:1 (Table IV). One could 
then calculate the approximate number of micromoles of TPNH 
oxidized per micromole of palmitate formed (as measured by 
malonyl-CoA-2-C™ or acetyl-CoA-1-C™ incorporation). This 
calculation contained a minor error (the results being falsely 
high), inasmuch as TPNH was also used in the small amounts 
of myristate and stearate that were formed concurrently. The 
ratio of TPNH to palmitate was approximately 14.7:1. This 
corresponds closely to the proposed reaction, and would suggest 
that there occurs an initial condensation of malonyl-CoA with 
acetyl-CoA, the remainder of the carbon chain of palmitate 
coming from subsequent condensations with malonyl-CoA. 
That acetyl-CoA forms only the terminal methyl end of palmitate 
is supported by the finding that when easily distinguishable 


branched chain acyl-CoA derivatives (t.e. isobutyryl-CoA) were — 


substituted for acetyl-CoA, the long chain fatty acids isolated 


contained only a single branched methy] in the terminal position _ 


(34). 


reaction has been proposed: 
*COOH—CH:—COSCoA + R—COSCoA 
= *CO. + R—CO—CH:—COSCoA + CoASH 


The involvement of malonyl-CoA and fatty acyl-CoA compounds — 


suggested that such a reaction might be involved in fatty acid 
biosynthesis. 

The crude enzyme from adipose tissue was tested for its ability 
to catalyze HC™“O;- fixation in malonyl-CoA in the presence 
of a fatty acyl-CoA compound such as caproyl-CoA. Although 
the total radioactivity fixed (Table V) was low compared to the 
C. kluyveri experiments, the requirements of the reaction were 


Malonyl-CoA-CO2 Exchange Reaction—A soluble enzyme from | 
C. kluyveri has been shown to catalyze a reaction between mal- | 
onyl-CoA, fatty acyl-CoA compounds, and HC™“O;- that re} 
sults in fixation of HC“O;- in the malonyl-CoA. The following | 
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similar in both cases. The fixation of HC“O;- was dependent 
upon both malonyl-CoA and caproyl-CoA. Acetyl-CoA could 
replace caproyl-CoA, but was less active (as in the C. kluyvert 
experiments). To ascertain that the HC™O; fixed was in 
malonyl-CoA, carrier malonyl-CoA was added after incubation 
with 18.8-fold purified enzyme. The isolated C'-malonyl-CoA 
cochromatographed with authentic malonyl-CoA. After alka- 
line hydrolysis, the reaction product cochromatographed with 
authentic malonic acid in two solvent systems, as described 
previously (30). 

An assay for the malonyl CoA-CO, exchange reaction in this 
fatty acid-synthesizing enzyme was set up. Under the condi- 
tions of this assay, the fixation of HC“O;- in malonyl-CoA was 
linear over the first hour with the adipose tissue enzyme. Fig. 6 
indicates that the amount of HC“O>;- fixed was proportional to 
the enzyme concentration over a limited range. With this 
assay, the malonyl-CoA-CO, exchange reaction could be meas- 
ured at each step in the purification of the palmitate-synthesizing 
enzyme system. Table I indicates that the ratio of the two 
enzyme activities did not vary significantly over a 49-fold range 
of purification. The product of this exchange reaction is cur- 
rently under investigation. 


DISCUSSION 


The ability of adipose tissue to synthesize fatty acids, which 
has been so amply demonstrated in vitro with whole tissue has 
now been demonstrated also in a particle-free enzyme system. 

The demonstration by Wakil (24) and Brady (31) of the key 


TABLE V 
C402 exchange reaction in rat adipose tissue 


The complete system contained 50 uwmoles of triethanolamine 
hydrochloride buffer, pH 7.0, 0.1 umole of malonyl-CoA, 0.1 umole 
of caproyl-CoA, 12.5 wmoles of KHC"O; (2.5 uc), 10 umoles of 
2-mercaptoethanol, and 1.8 units of fatty acid-synthesizing en- 
zyme in a total volume of 0.5 ml, and was incubated at 30° for 1 
hour. 


Component omitted c.p.m./hr 
= 
a. 
oO 
050 100 150 


ENZYME CONCENTRATION (ML) 


Fic. 6. The relationship between HC"O;- fixed in 1 hour and 
enzyme concentration. Conditions for assay are given in text. 
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role of malonyl-CoA in fatty acid synthesis has led to intensive 
study of the mechanism of its involvement. Although a number 
of enzymatic reactions are known to synthesize malonyl-CoA 
(43-45), carboxylation of acetyl-CoA (25, 46) is probably the 
primary reaction responsible for its formation in fatty acid syn- 
thesis. Wakil has studied the further metabolism of acetyl-CoA 
using an avian liver system, unlabeled malonyl-CoA, and C¥- 
acetyl-CoA. He concluded that the amount of label introduced 
into palmitate corresponded to about “one-eighth” of the total 
number of C-2 units converted to palmitate, as measured by 
TPNH oxidation (25); the remainder of the palmitate molecule 
was considered to be derived from malonyl-CoA. The present 
study with the purified adipose tissue enzyme system has shown 
that the ratio of malonyl-CoA to acetyl-CoA converted to pal- 
mitic acid is approximately 7:1. This suggests that the acetyl- 
CoA would ultimately occupy the terminal C-2 unit of palmitate. 
The demonstration of 14-methylpentadecanoic acid as the major 
product synthesized by this purified enzyme when isobutyryl- 
CoA was substituted for acetyl-CoA (34) supports this concept. 

The finding of a malonyl-CoA-CO, exchange reaction, similar 
to that found in C. kluyveri, is of particular interest. The fact 
that it is purified concomitantly through a 49-fold purification 
of the palmitate-synthesizing system would suggest that it is 
an integral part of the fatty acid-synthesizing mechanism. Al- 
though the condensation product of the reaction between mal- 
onyl-CoA and caproyl-CoA has not been identified, the fact 
that HCO; labels the malonyl-CoA during the reaction sug- 
gests a decarboxylated product such as a B-ketothiolester. The 
recent report by Lynen et al. (33), that the initial condensation 
product in fatty acid synthesis is acetoacetyl-S-enzyme, could 
explain the difficulty in isolating the product of the exchange 
reaction, because it would be present in only catalytic amounts. 


SUMMARY 


A soluble enzyme system from rat epididymal adipose tissue 
has been purified 49-fold. Synthesis of long chain fatty acids 
by this enzyme required acetyl coenzyme A, malonyl coenzyme 
A, and reduced triphosphopyridine nucleotide. Palmitate was 
the principal product of this reaction. The pH optimum of the 
reaction was 6.6. Mercaptans were required for stabilization 
of the enzyme and for maximal enzymatic activity. Study of 
the stoichiometry of the reaction indicated that the synthesis of 
1 mole of palmitate required 1 mole of acetyl coenzyme A, 6.5 
moles of malonyl coenzyme A, and approximately 14.7 moles of 
reduced triphosphopyridine nucleotide. 

The fatty acid-synthesizing enzyme also catalyzed a malonyl 
coenzyme A-CQO, exchange reaction, as described in Clostridium 
kluyvert extracts. The ratio of the two enzymatic activities 
was essentially constant over a 49-fold purification. 
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Recent studies have done much to clarify the biosynthetic 
mechanism of normal long chain fatty acid synthesis (1-4). 
However, very little is known about the biogenesis of odd-num- 
bered and branched long chain fatty acids. Odd-numbered fatty 
acids have been identified as minor components of ruminant 
milk (5), human milk (6), human blood (7), human sebum (8), 
rat phospolipids (9), and the lipids of the mold Sporidesmium 
bakeri (10). The branched long chain fatty acids (iso and anteiso 
acids) have been found in small amounts in butter fat (11), 
ewe milk fat (12), woolwax (13), and human sebum (8), human 
milk (6), and human blood (7). 

Using the isolated perfused cow’s udder, James et al. (14) have 
found that odd-numbered fatty acids are formed by the con- 
densation of propionate with acetate. Feller and Feist (15) 
have reported that slices from adipose tissue incorporate pro- 
pionic acid-1-C™ into long chain fatty acids as efficiently as 
acetate. On the other hand, Gerson (16) concluded from ex- 
periments with intravenously injected valeric acid-1-C™ that 
valeric acid was not the direct precursor of the odd-numbered 
fatty acids present in the butter fat of the cow. In 1952, El- 
Shazly (17) demonstrated that micro-organisms in the rumen of 
sheep could deaminate amino acids to form C-4 and C-5 branched 
chain acids (isobutyric, isovaleric, and a-methylbutyric acids), and 
he suggested that these acids might be the precursors of the long 
chain iso and anteiso acids found in the milk fat of ruminants. 
In experiments with the perfused cow’s udder, Verbeke e¢ al. 
(18) found that isovaleric acid-1-C™ is not incorporated into 
iso acids more efficiently than the normal acids. James et al. 
reported that acetate-2-C™ incubated with human whole blood 
is incorporated into all of the odd-numbered straight and 
branched chain fatty acids (7), but Gerson et al. reported (16) 
that acetate was incorporated into the anteiso acids more slowly 
than into normal acids. 

In the previous paper (19), we have described a partially 
purified soluble enzyme system obtained from adipose tissue of 
the rat which synthesizes long chain fatty acids from acetyl 
coenzyme A and malonyl coenzyme A. This paper describes 
the biosynthesis of odd-numbered, iso and anteiso fatty acids 
from propionyl coenzyme A, isobutyryl coenzyme A, isocaproyl 
coenzyme A, isovaleryl coenzyme A, and a-methylbutyryl 
coenzyme A by this enzyme system. A preliminary report of 
these findings has been presented (20). 


* Fellow of the Boston Medical Foundation, Inc. 


EXPERIMENTAL PROCEDURE 


Propionyl-CoA, isobutyryl-CoA, isocaproyl-CoA, isovaleryl- 
CoA, and a-methylbutyryl-CoA were synthesized by the mixed 
anhydride procedure of Wieland and Rueff (21). Malonyl-CoA- 
2-C14 was synthesized from malonic acid-2-C" by the procedure of 
Trams and Brady (22) and had a specific activity of 1 me per 
mmole. 

The enzyme was prepared from epididymal adipose tissue of 
male Sprague-Dawley or Osborne-Mendel rats, and purified 
49-fold as described in the previous paper (19). 

Incubation Conditions—The complete fatty acid-synthesizing 
system contained potassium phosphate buffer, pH 7.0, 100 umoles; 
malonyl-CoA-2-C, 0.38 to 0.40 umole (specific activity, 1 pe 
per umole); TPNH, 0.5 umole; 2-mercaptoethanol, 2.5 umoles; 
enzyme, 1 to 2 units; and acetyl-CoA or another acyl-CoA 
acceptor, 0.20 to 0.24 umole. The final volume was adjusted to 
2 ml with water. After incubation at 30° for 13 hours under 
helium, the reaction was stopped by adjusting the pH to 1 with 
sulfuric acid and adding 2 ml of ethanol. 

Isolation of Fatty Acids—Fatty acids were extracted directly 
from acid solution without prior alkaline hydrolysis as described 
in the previous paper (19). A small aliquot of the hexane extract 
containing the fatty acids was plated and counted immediately 
in a gas flow counter (Nuclear-Chicago Corporation) (26% 
efficiency). The remainder of the hexane was removed from 
the sample under a stream of nitrogen. After the residual fatty 
acids were dissolved in 0.5 ml of dry ether, the methyl esters of 
the fatty acids were formed by adding a few drops of a freshly 
prepared ethereal solution of diazomethane. After standing for 
20 minutes at room temperature, the ether and excess diazometh- 
ane were blown off with nitrogen, and the methyl esters were 
dissolved in 0.5 ml of redistilled hexane and stored in the deep 
freeze for gas chromatographic analysis. 

Gas Chromatographic Analysis—The radioactive fatty acids 
were identified by gas chromatography of their methyl esters 
with both an ethylene glycol succinate and an ethylene glycol 
adipate (6-ft U-tube, 4 mm, inside diameter) column with 
an argon detector. The radioactivity of the effluent peaks was 
measured by trapping the methyl esters as they emerged from 
the detector in a tube containing anthracene crystals coated 
with D.C. silicone oil 550, according to the method developed 
by Karmen and Tritch (23). 

Materials—TPNH was obtained from the Sigma Chemical 
Company, CoA from Pabst Laboratories, and the malonic acid- 
2-C“ from Volk Radiochemical Company. Isovaleric and 
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ISOVALERYL CoA 


ACETYL CoA 
ISOBUTYRYL CoA 
PROPIONYL CoA 
2 3 


DECREASE IN ABSORBANCY AT 340mp 


MINUTES 


Fic. 1. Spectrophotometric evidence for the substitution of 
other acyl-CoA acceptors for acetyl-CoA in TPNH oxidation by 
the fatty acid-synthesizing system of adipose tissue. The com- 
plete system contained 50 uymoles of potassium phosphate buffer at 
pH 7.0, 2.5 umoles of 2-mercaptoethanol, 0.05 umole of malonyl- 
CoA, 0.05 umole of acetyl-CoA or the appropriate acyl-CoA ac- 
ceptor, and 0.2 umole of TPNH in a final volume of 1.0 ml. The 
addition of 1 to 2 units of enzyme started the reaction. The 
decrease in absorbancy at 340 my was followed. 


6 


[eer 


TIME IN MINUTES 

Fig. 2. The separation of the methyl esters of the straight chain 
fatty acids from the methyl esters of the iso and the anteiso acids 
by gas chromatography with an ethylene glycol adipate column 


(6-ft U-tube 4 mm inside diameter), at 177° with an argon detector. 


The retention times for the methyl esters (— --) were obtained 
from Table I by the method of Woodford and Van Gent. 


TABLE I 
Carbon numbers 

The carbon numbers of the methyl esters of these iso and an- 
teiso acids were read from a standard curve obtained by plotting 
the retention time for the normal C,,, Cis, and Cis acids against 
the chain length (carbon number) on semilogarithmic paper. 
The ethylene glycol adipate column was 22% and the column 
temperature, 177°. 


Fatty Acid Synthesis in Adipose Tissue. 


Normal saturated acids Iso acids Anteiso acids 
14 (myristic) 13.55 

15 | 14.5 14.7 

16 (palmitic) | 15.55 (Ref)* 

17 | 16.5 16.7 (Ref) 
18 (stearic) 17.5 (Ref) 

19 18.55 (Ref) 18.7 (Ref) 


* Ref = model compounds available. 


a-methylbutyric acids were obtained from Eastman Organic 
Chemicals, and isobutyric and isocaproic acids were obtained 
from Fisher Scientific Company. 

4+ The Cis, Cis, and Cy iso acids and the Cy; and Cy anteiso 
acids were generously provided by Dr. A. W. Weitkamp. 


RESULTS 


Spectrophotometric Experiments—The dependence of fatty 
acid synthesis on TPNH made it possible to follow the reaction 
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II 


by noting the decrease in absorbancy at 340 my. Fig. 1 indicates 
that TPNH oxidation was largely dependent on the presence of 
acetyl-CoA in addition to malonyl-CoA. A comparison wag 
made of the ability of propionyl-CoA, isobutyryl-CoA, isovalery]- 
CoA, a-methylbutyryl-CoA, and isocaproyl-CoA to substitute 
for acetyl-CoA in such spectrophotometric experiments. These 
experiments suggested that the acyl-CoA derivatives tested 
could substitute for acetyl-CoA in fatty acid synthesis and that 
the reaction products might be odd-numbered and_ branched 
chain fatty acids. 


Identification of Fatty Acids by Gas Chromatography—Although | 
separation of the iso and anteiso fatty acids synthesized might © 
have been achieved by reverse phase column chromatography 
(24), the technique of gas chromatography coupled with the — 
simultaneous recording of the radioactivity of the effluent peaks — 
appeared to offer a more rapid and less cumbersome procedure — 
Fig. 2, 
shows that the methyl esters of myristic, palmitic, and stearic | 


for tentative identification of the reaction products. 


acids can be well separated from the esters of iso-Cis6, Cis, and 
Cig acids and from the anteiso-C,z and Cy acids. The same 


ethylene glycol adipate column was used, at 177°, to obtain | 
the results shown in Figs. 2 and 3. The iso and anteiso acids | 


emerged from the column before the corresponding straight 
chain acids with the same number of carbon atoms. Although 


some of the model compounds were not available for gas chro- | 


matography, the method of Woodford and Van Gent (25) per- 


mitted a tentative identification of unknown peaks. The carbon © 


numbers (chain lengths) for the iso and anteiso acids could be 
read directly from a graph of the log of the retention time plotted 
against the chain length (carbon numbers, Table [). The prod- 
ucts of the reaction with isobutyryl-CoA and isovaleryl-CoA 
were identified on both an ethylene glycol succinate and an ethyl- 
ene glycol adipate column. The identifications were simplified 
in these experiments because no unsaturated fatty acids were 
synthesized by the soluble enzyme system. This fact was con- 


firmed by the finding that the retention times of the enzymatic: 


products were unchanged after catalytic hydrogenation. 


Identification of Enzymatic Products—The results of an ex- | 


periment in which isobutyryl-CoA was incubated with malonyl- 
CoA-2-C'4, TPNH, and enzyme are shown in Fig. 3. The prin- 
cipal product was 14-methylpentadecanoic acid (iso-C,.) with 
smaller amounts of iso-Cy4 and iso-C,g acids. The radioactivity 
was recorded as an integral record. There was a 10-second lag 


between the mass and radioactivity recordings with the instru- : 
ment used in these experiments. There was no difficulty in © 
determining that the radioactivity was associated with the iso- — 
Cy, ester rather than the Cys effluent peak. The iso-Cy, ester | 
emerged from the column 1.93 minutes before the normal Cx | 
Although the anteiso-C:, model compound was not — 
available, it can be seen from Fig. 2 that it would have been © 


peak. 


separated from the iso-Cj acid. 


The results of similar experiments with each of the acyl-CoA | 


derivatives that were substituted for acetyl-CoA are summarized 
in Table II. Itis seen that long chain fatty acids were synthesized 
in all cases, as measured by the incorporation of radioactivity 
from malonyl-CoA-2-C™4, The percentage of malonyl-CoA-2-C™ 
incorporated varied from 37 to 74%. This is equivalent to 4 
to 10 ug of long chain fatty acid (calculated as palmitate). Odd- 
numbered acids were synthesized from propionyl-CoA, evel 
numbered iso acids from isobutyrl-CoA and _ isocaproyl-CoA, 
odd numbered iso acids from isovaleryl-CoA, and odd-numbered 
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anteiso acids from a-methylbutyryl-CoA. Inasmuch as the 
positions of the branched methyl groups were deduced only on 
the basis of data obtained by comparison with known compounds 
by gas chromatography, these assignments should be considered 
tentative. Final confirmation of the structure of some of these 
compounds by mass spectrometry will be undertaken. 

In experiments with less purified enzyme, small amounts of 
radioactive palmitate were synthesized in addition to the pre- 
dominant branched chain acids (Fig. 3). A contaminating 
malonyl-CoA decarboxylase in the enzyme may have accounted 
for the palmitate synthesis with the cruder preparations by 
making acetyl-CoA available. 


DISCUSSION 


The purified soluble enzyme system from adipose tissue that 
synthesizes normal long chain fatty acids will also synthesize 
odd-numbered iso and anteiso acids. Therefore, the enzyme 
has a broad range of specificity. It is clear that the type of 
fatty acid synthesized by this enzyme system is determined by 
the structure of the acyl-CoA acceptor. In every case, only one 


-1SO-C-i6 tSO-C-18 
| | 
5 20 25 


TIME IN MINUTES 


Fic. 3. Gas chromatographic record of the products of the 
reaction of the enzyme (purified 49-fold) with isobutyryl-CoA as 
the acyl-CoA acceptor. The mass line records the retention time 
of the long chain fatty acid; the lighter line is the integral record 
of the radioactivity of the effluent peaks and identifies the fatty 
acids synthesized during the reaction. Twenty micrograms of 
carrier methyl esters of iso-C,g and iso-Cj were added. An 
ethylene glycol adipate column at 177° was used. 


TaBLeE II 


Long chain fatty acids synthesized from malonyl-CoA -2-C' 
and acyl-CoA acceptor 


The complete system contained potassium phosphate buffer, 
pH 7.0, 100 zmoles; malonyl-CoA-2-C*, 0.38 to 0.40 umole (specific 
activity 1 we per wmole); TPNH, 0.5 umole; 2-mercaptoethanol, 
2.5 umoles; enzyme 1 to 2 units; an acyl-CoA acceptor as listed. 
The final volume was adjusted to 2 ml with water. After incu- 
bation at 30° for 14 hours under helium, the reaction was stopped 
by adjusting the pH to 1 with sulfuric acid and adding 2 ml of 
ethanol. 


Amount, Malonyl-CoA- 
Acyl-CoA acceptor incu 2-C4 incor- Fatty acid synthesized* 
bated porated 
pmole % 
Acetyl-CoA...... 0.20 60, 63, 74 | Cis (Cis, Cis) 
Propionyl-CoA...| 0.20 71 Cis (Cis, Ciz) 
Isobutyryl-CoA. .| 0.24 64, 74 | iso-Cie, (iso-Cys, iso-Cis) 
Isocaproyl-CoA. .| 0.24 37, 55 | iso-Cie, (iso-Cy,) 
Isovaleryl-CoA...| 0.24 50, 55 | iso-Cis, iso-Ci7 
a-Methylbuty- 
ryl-CoA........ 0.24 | 64 | anteiso-Ci;5, anteiso-C;; 


* Major products as indicated; minor products listed in paren- 
theses were present in less than 15% total quantity. 


M.G. Horning, D. B. Martin, A. Karmen, and P. R. Vagelos 
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acceptor unit entered into the final product and contributed only 
the methyl end of the long chain acid, corroborating the stoi- 
chiometry studies of the palmitate synthesis presented in the 
previous communication (19). This suggests that the initial 
condensation reaction of fatty acid synthesis occurs between a 
fatty acyl-CoA ester and malonyl-CoA and that the chain is 
lengthened by subsequent condensations with malonyl-CoA. 

The fact that only small amounts of long chain odd-numbered 
and branched chain fatty acids are normally found in niammalian 
tissue probably reflects the low concentration of the appro- 
priate acyl-CoA esters available for fatty acid synthesis com- 
pared to acetyl-CoA. Valine, leucine, and isoleucine could be 
the source of the isobutyryl-CoA, isovaleryl-CoA and a-methyl- 
butyryl-CoA respectively (26-28). The activation of propionic 
acid by mammalian tissue to form propionyl-CoA has been re- 
ported (29), and this could be the source of the acyl-CoA acceptor 
units for long chain, odd-numbered fatty acids. 

It is interesting that the syntheses described above stop with 
the formation of acids containing 15 to 17 carbon atoms, whereas 
the yeast enzyme system (3) stops with the formation of the 
Cis-CoA ester. Apparently, the formation of free acids of this 
carbon chain length is characteristic of the rat epididymal enzyme 
system. The synthesis of the longer chain acids (Cig to C24) 
present in mammalian phospholipids may, like desaturation, be 
an enzymatic process associated with the particulate fraction of 
the cell. 


SUMMARY 


A 49-fold purified long chain fatty acid-synthesizing system 
from rat adipose tissue catalyzes the synthesis of the odd- 
numbered, iso and anteiso long chain fatty acids. The enzyme 
requires an odd-numbered, iso, or anteiso short chain fatty acyl 
coenzyme A derivative, in addition to malonyl coenzyme A and 
reduced triphosphopyridine nucleotide. The products of the 
reaction were tentatively identified by gas chromatography with 
simultaneous recording of radioactivity. 
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The Enzymatic Conversion of Phospholipid Ethanolamine to 
Phospholipid Choline in Rat Liver 
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From the Laboratory of Clinical Biochemistry, National Heart Institute, National Institutes of Health, 
United States Public Health Service, Bethesda 14, Maryland 


It is known from the work of Elwyn e¢ al. (1) that ethanola- 
mine is incorporated as a unit into the choline molecule during the 
synthesis de novo of this substance. Du Vigneaud é¢ al. (2, 3) 
showed that at least some of the methyl groups of choline are 
derived directly from the methyl group of methionine; and in an 
earlier communication we provided evidence that all the methyl 
groups originate from this source (4). Recently, as a result of 
studies with rat liver in vivo (5) and in vitro (6, 7), Bremer and 
Greenberg proposed that choline is formed by the stepwise trans- 
fer of three methyl groups from S-adenosyl methionine to phos- 
photidyl ethanolamine. The work reported here essentially 
confirms their findings and offers some further support for the 
reactions which they formulated. 


EXPERIMENTAL PROCEDURE 


Preparation of Subcellular Fractions—All operations were per- 
formed in a cold room at 3°. Male Sprague-Dawley rats, weigh- 
ing 100 to 150 g, were killed by decapitation. The livers were 
excised, cooled in ice, and homogenized with 6 to 9 volumes of 
0.25 m sucrose for 2 minutes in a Waring Blendor. The homoge- 
nate was centrifuged for 10 minutes at 600 x g, and the precipi- 
tate was discarded. Mitochondria and microsomes were pre- 
pared from the supernatant fluid by differential centrifugation 
(8). When microsomes alone were required, the crude homoge- 
nate was first centrifuged for 10 minutes at 10,000 x g to remove 
mitochondria and larger fragments; microsomes were then col- 
lected from the supernatant fluid either by centrifugation for 1 
hour at 75,000 x g, or by centrifugation for 30 minutes at 25,000 
x g after the pH had been adjusted to 5.4 to 5.6 by dropwise addi- 
tion of 1 N acetic acid. Microsomes prepared by either method 
had about the same activity in the reactions studied here. The 
particles were suspended in'a volume of 0.25 M sucrose equal to 
the volume of liver from which they were isolated. They could 
be stored at —20°, at which temperature they were stable for 1 
to 2 weeks. 

Extraction of Phospholipids—Phospholipids were extracted 
from incubation mixtures either by Artom’s method (9) as de- 
scribed previously (4), or else with chloroform and methanol ac- 
cording to Bligh and Dyer (10). In the latter case, the incuba- 
tion mixture (1 volume) was shaken vigorously for 2 minutes 
with 1.25 volumes of chloroform and 2.5 volumes of methanol, 
and centrifuged. The supernatant fluid was mixed with a fur- 
ther 1.25 volumes of chloroform and 1.25 volumes of 1% KCl, 
and again shaken and centrifuged. The upper layer was dis- 
carded. In experiments in which the lipid was to be assayed 


* Present address, Department of Chemical Pathology, St. 
Mary’s Hospital, London, W. 2, England. 
t Present address, Department of Internal Medicine, Univer- 
sity of Texas, Southwestern Medical School, Dallas, Texas. 


directly for radioactivity, the lower layer was then extracted 
three times with 1.25 volumes of a solution of 0.56% KC] in 50% 
aqueous methanol, and once with 1.25 volumes of 60% aqueous 
methanol, the upper layer being discarded each time. This 
procedure reduced the contamination by water-soluble radio- 
active materials to an insignificant amount. Aliquots of the 
lower layer were then used for assay of radioactivity and lipid 
P. It was necessary to include KC] or NaCl in the extraction 
procedure in order to eliminate contamination by water-soluble 
materials; this agrees with the observations of Folch et al. (11). 

In experiments in which the lipid was not assayed directly for 
radioactivity, all the extractions after the first one were omitted. 
The chloroform layer was dried over anhydrous Na2SO, and the 
solvent removed under reduced pressure. The procedure for 
hydrolysis of the phospholipid and isolation of choline has been 
described previously (4). 

Isolation of Choline from Phosphocholine—In some experiments 
phosphocholine was added to the incubation mixtures, and cho- 
line was reisolated from it at the end of the experiment. The 
procedure was as follows. The reaction was stopped by immers- 
ing the tube in a boiling water bath for 5 minutes, and the pre- 
cipitated protein was removed by centrifugation. In most cases, 
phospholipid was extracted from the precipitate by the method 
of Artom (9), as already described. The supernatant (1.0 ml) 
was adjusted to pH 9.0 by addition of 1 m Tris base; 0.2 ml of 
0.5 Tris buffer pH 9.0 and 0.1 ml of alkaline phosphatase solution 
(20 mg per ml; Mann Research Laboratories, 15,000 units per 
mg) were added, and the mixture was incubated at 38° for 2 hours. 
The tube was then heated at 100° for 5 minutes, cooled, and 
centrifuged; the supernatant fluid was diluted to about 100 ml 
and passed through a column of Permutit. Choline was iso- 
lated and precipitated as the reineckate as described previously 
(4). The choline isolated in these experiments represents free 
choline as well as phosphocholine, and will be referred to as 
soluble choline. 

Assay for Radioactivity—Unless otherwise stated, choline 
reineckate was counted in a gas flow counter as described earlier 
(4). Solutions of phospholipid were evaporated to dryness in a 
vacuum dessicator; the residues were dissolved in 10 ml of a 
solution of 0.3% 2,5-diphenyloxazole and 0.05% 1,4-bis-2(5- 
phenyloxazolyl)-benzene in toluene, and counted in a Packard 
Tri-Carb liquid scintillation counter set at 880 volts. Aliquots 
(1.0 ml) of aqueous solutions were mixed with 10 ml of a solution 
of 6% naphthalene, 0.3% 2,5-diphenyloxazole, 0.02% 1 , 4-bis-2- 
(5-phenyloxazolyl)-benzene, 2% (volume per volume) ethylene 
glycol, and 10% (volume per volume) methanol in dioxane (12) 
and counted in a Packard liquid scintillation counter set at 960 
volts. 

Other Assay Procedures—Total P was determined according to 
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TABLE I 
Incorporation of C4 from L-methionine-CH;-C into soluble choline 


Incubation mixtures contained 10 wmoles of Tris buffer pH 7.5, 
10 umoles of MgCl. , 10 umoles of ATP, 1 umole of CTP, 6 umoles 
of phosphoethanolamine, 5 wmoles of phosphocholine, 5 wmoles of 
sodium, 0.1 umoles of TPN, 0.1 umole of DPN, 0.1 umole of tetra- 
hydrofolic acid, 1 umole of L-methionine-CH;-C* (1 we per umole), 
and subcellular fractions of rat liver as shown, in amounts equiva- 
lent to 0.5 ml of homogenate, in a volume of 1.0ml. After 3 hours 
at 38° the reaction was stopped by heating for 5 minutes at 100°, 
and the tubes were centrifuged. Phosphocholine in the super- 
natant fluids was hydrolyzed with alkaline phosphatase, and 
choline was isolated and counted as described under ‘‘Experi- 
mental Procedure.’’ 


Liver fraction _ Specific activity 


c.p.m./pmole choline 


Particles (mitochondria + microsomes).........' 35 

TaBLe II 


Incorporation of C'* from L-methionine-CH;-C™ and AMe-CH;-C'# 
into phospholipid choline 

Incubation mixtures contained 0.05 m Tris buffer pH 8.0, 0.1 
ml of microsomes, and the additions shown in a volume of 1.0 ml. 
After 1 hour at 38°, the reaction was stopped by adding 2 ml of 
10°% trichloroacetic acid containing 2.5% MgCl.. Choline was 
isolated from the phospholipid and counted as described under 
“Experimental Procedure.’’ 


Precursor Additions | Specific activity 
| c.p.m./umole 
choline 
L-Methionine-CH;3-C! MgCl. (10 umoles) 220 
(5 umoles, 0.85 ye) ATP (4 umoles) | 
Liver supernatant (0.5 | 
ml) 


AME-CH;-C!* None | 370 
(0.55 umole, 0.055 uc) | 


Bartlett (13), and esters by the method of Rapport and Alonzo 
(14). Aqueous solutions of choline were assayed as follows: the 
sample (1.0 ml) was mixed with 0.5 ml of a freshly prepared 
saturated solution of ammonium reineckate in 1 N HCl. After 
standing for at least 2 hours at 0°, the solution was centrifuged in 
the ¢old (20 minutes at 3000 X g), and the supernatant fluid was 
carefully removed by suction through a fine capillary. The pre- 
cipitate was washed twice with 1.0 ml of ice-cold water and once 
with 0.5 ml of ice-cold ethanol. It was then dissolved in a suit- 
able volume (normally 5 to 10 ml) of methyl ethyl ketone, and 
the optical density was measured at 335 mu. 

Sources of Materials—O-Phosphoethanolamine, L-homocysteine 
thiolactone, and AMe' were obtained from the California Foun- 
dation for Biochemical Research; ATP, CTP, and CDP-ethanol- 
amine were obtained from the Sigma Chemical Company. L- 
Methionine-CH;-C™ and ethanolamine-1,2-C™ were obtained 
from Orlando Research, Inc. 


1 The following abbreviation is used: AMe, S-adenosylmethi- 
onine. 


AMe-CH;3-C" was made enzymatically from ATP and t-methi- 
onine-CH;3-C according to Cantoni (15). It was isolated and 


stored as the reineckate, and aqueous solutions were prepared by © 


Cantoni’s method as required. The preparation used in these 
studies was about 65°, pure when first isolated. The purity 
slowly deteriorated to about 40% during prolonged: storage at 
—20°. However, the bulk of the impurities were removed when 
the AMe was extracted into aqueous solution. After storage for 
several months, an aqueous extract was chromatographed on 


paper in ethanol-water-acetic acid (65:34:1, volume per volume) | 
(16). A small spot was observed in the position of methylthio. | 


adenosine; this contained about 0.6% of the radioactivity found 
in the AMe. No other radioactive or ultraviolet-absorbing area 
could be detected. Crystalline S-adenosylhomocysteine was 
prepared enzymatically from adenosine and L-homocysteine ac- 
cording to de la Haba and Cantoni (17). 


Phosphatidylethanolamine and phosphatidylserine were iso- , 
lated from calf brain according to Lee (18). Phosphatidyleth. | 


anolamine was also prepared from rat liver, by passing a chloro- 
form-methanol extract (10) through a column of silicic acid, 


washing with chloroform-methanol (19:1), and eluting the phos- — 


phatidylethanolamine with chloroform-methanol (4:1).  Al- 


though by no means pure, these preparations were adequate for | 


the present work. 


RESULTS 


When homogenates of rat liver were incubated with methi- | 
onine-CH;-C¥, phosphocholine, and various cofactors, a signifi. 
cant incorporation of C™ into the soluble choline was observed. | 
Fractionation of the homogenate revealed that the particulate — 
and supernatant fractions each had low enzyme activity indi- | 
vidually, although together they were more active than the origi- | 


nal homogenate (Table I). In subsequent experiments it was 
found that the microsomal fraction was more active than the 
mitochondria. It was also found that the incorporation was 


absolutely dependent on the presence of ATP and Mg*t+, but that © 


none of the other cofactors listed in Table I had any effect on it. 
In the majority of these experiments, choline was isolated from 


the phospholipid as well as from soluble choline, and it was found — 
in every case that phospholipid choline was much more highly | 
labeled than phosphocholine.2 The conditions for incorporation — 
from methionine-CH;-C™ into lipid choline were similar to the — 


conditions for incorporation into soluble choline; however, when — 
AMe-CH;-C™ was substituted as radioactive precursor, the re- 


quirement for ATP, Mg** and the supernatant fraction was — 
abolished, and the incorporation proceeded in the presence of | 
microsomes alone (Table II). The addition of ethanolamine, | 
phosphoethanolamine, or CDP-ethanolamine did not enhance or | 
dilute the incorporation from AMe-CH;-C* into lipid choline, | 


nor did the addition of phosphatidylethanolamine or phospha- 


tidylserine from calf brain (Table III). In other experiments | 
these phosphatides were tested at various pH values between 7.) _ 
and 10.0, and in no case was any stimulation observed. These — 
results suggest that the major route of choline synthesis in rat — 


? Similar results have been obtained in vivo (J. D. Wilson, K. D. — 
Gibson, and 8S. Udenfriend, unpublished observations). Methi- — 
onine-CH;-C'* (1.0 we) was injected intraperitoneally into a rat, | 


and the animal was killed aiter 15 minutes; choline isolated from 
the liver phospholipid contained 990 c.p.m. per umole, as compared 
with 25 c.p.m. per wmole in phosphocholine and 60 c.p.m. per 
umole in free choline. After 30 minutes, the specific activities 
were 3500, 260, and 65 c.p.m. per umole, respectively. 
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liver occurs by transfer of methyl groups from AMe to an ac- 
ceptor which may be phosphatidylethanolamine, and that micro- 
somes contain both the acceptor and the enzymes responsible for 
the transfer. Accordingly, the transfer of methyl groups from 
AMe to microsomal lipid was studied further. 

Transfer of Methyl Groups to Microsomal Lipid—The variation 
with pH of the rate of incorporation of radioactivity from AMe- 
CH;-C™ into microsomal lipid is shown in Fig. 1. The system is 
much more active in the alkaline region than at neutral pH values, 
the optimum being near pH 10.0. The effect of AMe concentra- 
tion on incorporation has not been investigated thoroughly, be- 
cause of the complexity of the system; however, the rate is ap- 
proximately constant at concentrations of AMe above 10 M. 
The reaction is not stimulated by addition of Mg*+*, Mn++, ATP, 
CTP, cysteine, or glutathione. The system is relatively stable 
to acetone drying and freeze-drying. It is also remarkably stable 
to alkali; exposure to pH values up to 12.0 for 1 hour at 0° does 
not affect the activity of the microsomes. 

The experiment in Table IV shows that the incorporation of 
C into lipid is in fact due to transfer of methyl groups to choline. 
In this experiment the lipid extract was hydrolyzed and choline 
reineckate was isolated from a portion of the hydrolysate. The 
reineckate was dissolved in methy] ethy] ketone, and choline was 


TABLE III 


Effect of ethanolamine and derivatives on incorporation of 
C'4 into microsomal phospholipid choline 


Incubation mixtures contained 0.075 m Tris buffer pH 7.5, 2 
umoles of ATP, 5 umoles of glutathione, 0.4 ml of microsomes, 0.6 
umole of AMe-CH;-C!* (0.2 ue per umole), and additions as shown 
in volume of 1.0ml. After 1 hour at 38° the reaction was stopped 
by addition of 5 ml of 10% trichloroacetic acid containing 2.5% 
MgCl2. Choline was isolated from the phospholipid and counted 
as described under ‘‘Experimental Procedure.”’ 


Additions Specific activity 
p.m./pmole phos- 
| pholipid choline 

Ethanolamine (5 1170 
Phosphoethanolamine (6 uwmoles).............. | 940 
CDP-ethanolamine (2 umoles)................. | 1250 
Phosphatidylethanolamine (6 mg)............. | 800 
Phosphatidylserine (6 mg)..................... | 900 


Ww 
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1000 
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Fig. 1. pH and incorporation of C' into microsomal lipid. 
Incubation mixtures contained buffer as shown, 0.3 ml of micro- 
somes, and 0.28 umole of AMe-CH;-C" (0.2 ue per umole) in a vol- 
ume of 0.8 ml. After 30 minutes at 37° the reaction was stopped 
by addition of chloroform and methanol, and the lipid was assayed 
for radioactivity and P as described under ‘Experimental Pro- 
cedure.”” @——@, 0.06 m Tris buffer; O——O, 0.12 m NaHCO;- 
Na:CO; buffer. 
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TABLE IV 
Incorporation of C'* into microsomal lipid and choline 


- A mixture of 0.1 m Tris buffer pH 8.9, 4.5 ml of microsomes, and 

0.57 wpmole of AMe-CH;-C™ (0.4 ue per umole) was incubated for 
45 minutes at 38°. The reaction was stopped by shaking with 
1.25 volumes of chloroform and 2.5 volumes of methanol, and the 
lipid extract was washed with methanolic KCl as described under 
‘‘Experimental Procedure.’’ The lipid was hydrolyzed and 
treated as described under ‘‘Results.’’ 


Sample | | Choline | 
Whole lipid hydrolysate........ 4500 2.35 | 1920 
Isolated lipid choline. ......... 1090 0.48 2270 
TABLE V 


Effect of microsome concentration on incorporation of C!* into lipid 


Incubation mixtures contained 0.06 m Tris buffer pH 9.0, 0.12 
umole of AMe-CH;-C™ (0.4 we per umole), and microsomes as 
shown in a volume of 0.8 ml. After 1 hour at 38°, the reaction 
was stopped and lipid was extracted with chloroform and meth- 
anol and assayed for radioactivity and total P as described under 
‘‘Experimental Procedure.” 


Microsomes Specific activity 
ml c.p.m./pmole lipid P 
0.05 720 
0.1 800 
0.2 770 
0.3 770 
0.4 600 
0.5 480 


extracted by shaking with 0.1 N HCl. The aqueous layer was 
washed twice with methyl ethyl ketone and twice with ether, and 
a stream of air was then passed through it to remove the last 
traces of organic solvents. Aliquots of this solution and of the 
lipid hydrolysate were counted and assayed for choline as de- 
scribed under ‘Experimental Procedure.”’ The radioactivity of 
the isolated choline accounted for all the radioactivity of the 
lipid hydrolysate within experimental error. 

The effect of enzyme concentration on the incorporation of C™ 
into lipid is shown in Table V. Since in these experiments the 
lipid P recovered is proportional to the amount of microsomes 
added, the activity, expressed as counts per minute per umole of 
P, should be constant at all concentrations of microsomes. This 
is true up to a fairly high concentration, but above this the activ- 
ity falls. 

The time course of incorporation is shown in Fig. 2; in this 
experiment the rate of the reaction was almost constant for 80 
minutes. In other experiments the initial rate was not main- 
tained for such a long period, the reaction frequently terminating 
completely after 30 to 60 minutes. An explanation for this be- 
came apparent when it was found that S-adenosylhomocysteine 
is a potent inhibitor of the incorporation (Table VI). Inhibition 
by this compound may also account for the observation in Table 
V that the incorporation does not remain proportional to enzyme 
concentration when large amounts of microsomes are present. 
Attempts have been made to demonstrate reversal of the reaction 
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Fig. 2. Time course of incorporation of C!* into microsomal 
lipid. Incubation mixtures contained 0.06 m Tris buffer pH 9.0, 
0.5 ml of microsomes, and 0.12 wymole of AMe-CH;-C'* (0.2 ue per 
pmole) in a volume of 0.8 ml. After incubation at 38° for the 
period shown, the reaction was stopped by addition of chloroform 
and methanol, and the lipid was assayed for radioactivity and P 
as described under ‘‘Experimental Procedure.”’ 


TaBLeE VI 
Inhibition by S-adenosylhomocysteine of C4 incorporation 
into microsomal lipid 
Incubation mixtures contained 0.06 m Tris buffer pH 9.0, 0.5 
ml of microsomes, 0.12 umole of AMe-CH;-C!* (0.4 we per mole), 
and S-adenosylhomocysteine as.shown in a volume of 0.8 ml. 
After 30 minutes at 38°, the reaction was stopped and lipid was 


extracted with chloroform and methanol and assayed for radio- . 


activity and total P as described under ‘‘Experimental Proce- 
dure.”’ 


S-Adenosylhomocy steine Specific activity 


umole c.p.m./pmole lipid P 
480 
0.08 450 
0.25 260 
0.51 170 
0.85 120 
800 
A 8B 
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Fig. 3. Incorporation of C'* into bases of microsomal phospho- 
lipid. The conditions of incubation and the methods of extrac- 
tion and hydrolysis of the phospholipid and chromatography of 
the bases are described in the text. Incubation times: A, 45 sec- 
onds; B, 2 minutes; C, 5 minutes; D, 10 minutes. Me., mono- 
methylethanolamine; De, dimethylethanolamine; Ch., choline. 
Experiments C and D were performed with a different batch of 
microsomes from those used in experiments A and B. 


by coupling the transfer of methyl groups from choline to S- 
adenosylhomocysteine with the methylation of nicotinamide, 
with the use of partially purified nicotinamide methy] transferase 
(19). 


However, no formation of N-methylnicotinamide could be 
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detected with the sensitive fluorometric assay of Huff and Perl- 
zweig (20). 

Incorporation of C' into Phospholipid Monomethylethanolamine 
and Dimethylethanolamine—Duplicate incubation mixtures were 
set up containing 0.045 m Tris buffer pH 9.0, 8.4 ml of microsomes, 
and 5.2 umoles of AMe-CH;-C" (1 we per umole) in a volume of 
11.4ml. After incubation for various periods, the reaction was 
stopped by addition of 20 ml of 10% trichloroacetic acid con- 
taining 2.5% MgCl: Phospholipid was extracted from the 
washed precipitates and hydrolyzed according to Artom (9) as 
described under ‘‘Experimental Procedure.’’ The hydrolysates 
were evaporated to dryness; the residues were suspended in water 
and washed with chloroform; and the aqueous layers were applied 
to columns (50 by 1 em) of Dowex 50-X8 in the hydrogen form. 
The columns were washed with 100 ml of water and eluted with 
1.5 m HCI (21). Fractions (4 ml) were collected with an auto- 
matic fraction collector and 1.0-ml aliquots were assayed for 
radioactivity as described under “Experimental Procedure.” 
The distribution of radioactivity in the phospholipid bases is 
shown in Fig. 3. After incubation for 5 or 10 minutes, the elu- 
tion pattern (Fig. 3, C and D) was similar to the pattern found 
in the phospholipid bases of whole rat liver after injection of 
methionine-CH;3-C™ (4, 5). At earlier times there was more 
radioactivity in dimethylethanolamine than in choline (Fig. 3, 
Aand B). The fact that dimethylethanolamine had more radio- 
activity than monomethylethanolamine even as early as 45 
seconds after addition of AMe-CH;-C™ (Fig. 3A) suggests that 
the transfer of the second methyl group, to monomethylethanol- 
amine, is considerably more rapid than the transfer of the first 
methyl group to ethanolamine. In these experiments the peaks 
were identified by chromatography on paper as described pre- 
viously (4). When the paper was cut into strips and scanned ina 
paper strip scanner, only three radioactive peaks were found, cor- 
responding in Rr values to monomethylethanolamine, dimethyl- 
ethanolamine, and choline. 

Product of the Reaction—Rat liver microsomes (10.0 ml) were 
mixed with 4.0 ml of 0.5 m Tris buffer pH 9.0, and 4.0 ml of a 
solution containing 6.4 umoles of AMe-CH;-C* (1.0 ue per umole), 
and the mixture was incubated at 38° for 5 minutes. At the end 
of this time, 40 ml of methanol and 30 ml of chloroform were 
added; after vigorous shaking, the mixture was centrifuged. The 
supernatant fluid was shaken with a mixture of 20 ml of chloro- 
form and 20 ml of 1% NaCl, and centrifuged. The lower layer 
was dried over anhydrous Na2SO, and the solvent removed under 
reduced pressure. The residue was dissolved as far as possible 
in 1.0 ml of anhydrous ether and centrifuged. Acetone (5 ml) 
was added to the filtrate to precipitate the phospholipid. After 
standing overnight at 0°, the precipitate was collected by cen- 
trifugation, washed with acetone twice by suspension and cen- 
trifugation, and dried in a vacuum. This material (60 mg) was 
dissolved in 5 ml of chloroform and applied to a column of 15 g 
of silicic acid (35 by 1 em). The column was eluted with a gra- 
dient of methanol and chloroform as described by Wren (22). 
Initially the mixing chamber (diameter, 7.5 cm) contained 200 
ml of chloroform, and the reservoir, which was a 250-ml Erlen- 
meyer flask, contained 250 ml of methanol. Fractions of ap- 
proximately 5 ml were collected with an automatic fraction col- 
lector. Aliquots of 0.5 ml from each fraction were evaporated to 
dryness and counted as described under ‘Experimental Proce- 
dure.” Total P and ester groups were determined on further 
aliquots from each fraction. The results are shown in Fig. 4 
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The radioactivity was eluted in three major peaks, A, B, and C; 
several minor phospholipid peaks which were also eluted con- 
tained no radioactivity. The fractions were combined as shown 
in Fig. 4 and evaporated to dryness; the residues were hydrolyzed 
by refluxing for 3 hours in 6 N methanolic HCl, and again evap- 
orated to dryness. A portion of the residue from Peak C was 
found to contain 2.56 wmoles of P per ml and 2.40 umoles of 
choline per ml. This gives a ratio of 1:0.94:1.99 for P-choline- 
esters, in good agreement with the theoretical value for lecithin. 
When the hydrolysate was chromatographed on paper by the 
solvent system described previously (4) and the paper was 
scanned in a paper strip scanner, radioactivity could be detected 
only in the position corresponding to choline (Rr 0.95). In 
another experiment in which radioactive phospholipid obtained 
in this manner was chromatographed on silicic acid, the lecithin 
peak was hydrolyzed and choline was isolated as the reineckate. 
This was then dissolved in methyl ethyl ketone, and choline was 
extracted into dilute HCl as in the experiment of Table III. 
This choline and the hydrolyzed lecithin from which it was iso- 
lated were both found to have 84 c.p.m. per umole of choline, 
showing that all the radioactivity in the lecithin was in the cho- 
line residue. When the residues from the hydrolysis of Peaks A 
and B were chromatographed on paper and scanned as before, 
two radioactive areas were obtained for each peak. In Peak B, 
the positions corresponding to dimethylethanolamine (Rr 0.85) 
and choline contained approximately equal amounts of radio- 
activity. In Peak A, the radioactive areas were in the positions 
of monomethylethanolamine (Rr 0.73) and dimethylethanola- 
mine, the former having about one-fifth the radioactivity of the 
latter. Ethanolamine was also identified in both Peaks A and B; 
no radioactivity could be detected in this area in either case. 

Nature of the Methyl Acceptor—So far, all attempts to obtain a 
preparation which could be stimulated by adding exogenous phos- 
phatidylethanolamine have been unsuccessful. When acetone- 
dried microsomes were extracted with ethanol] and petroleum 
ether at 0°, their activity was partially or totally lost; in no case 
could it be restored by the addition of phosphatidylethanolamine. 
The incorporation of C“ from AMe-CH;-C" was at least partially 
destroyed by deoxycholate, Tween 20, Tween 80, Triton X-100 
(Rohm and Haas Company) and Tergitol TMN in concentra- 
tions which solubilized the microsomes to some extent; again 
there was no restoration of activity by phosphatidylethanolamine 
from calf brain or rat liver. Digitonin and Pluracol E-600 had 
little or no effect on the activity. Attempts were made to frac- 
tionate the particles with digitonin, deoxycholate, or alkaline 
pH; none of these experiments resulted in a reversible separation 
of the activity into more than one component. 

Since this approach failed, the following experiment was per- 
formed. Microsomes (10 ml) were mixed with a solution con- 
taining 1500 umoles of Tris buffer pH 8.0, 150 umoles of MgCh, 
000 umoles of ATP, 2 umoles of CTP, and 5 uwmoles of ethanol- 
amine-1 ,2-C!4 (10 we) in 5 ml. The mixture was incubated at 
38° for 20 minutes, after which it was cooled in ice, and the mi- 
crosomes were recovered by centrifugation for 1 hour at 105,000 x 
g. They were suspended in 15 ml of 0.25 m sucrose and dia- 
lyzed for 16 hours against 1 liter of 0.01 m Tris buffer pH 8.0, with 
several changes of the buffer. Ethanolamine, isolated from the 
phospholipid of these microsomes, as described elsewhere (23), 
was found to contain 1800 ¢.p.m. per umole. When the micro- 
Somes were incubated with nonradioactive AMe, there was a 
significant increase of radioactivity in the lipid choline which did 
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Fic. 4. Chromatography of radioactive microsomal phospho- 
lipid. The conditions of incubations and the method of extrac- 
tion and chromatography of the phospholipid are described in the 
text. The assays for radioactivity, total P, and esters are de- 
scribed under ‘‘Experimental Procedure.’ 


TaBLeE VII 


Conversion of microsomal ethanolamine to choline 


Microsomes labeled with ethanolamine-1,2-C" were prepared 


as described in the text. 


Incubation mixtures contained 0.06 M 


Tris buffer pH 9.0, 0.6 ml of labeled microsomes, and the additions 
shown in a volume of 0.8 ml. After 1 hour a 
extracted with chloroform and methanol and hydrolyzed as de- 
scribed under ‘‘Experimental Procedure’’; choline, isolated as 
the reineckate, was dissolved in methyl ethyl ketone, extracted 
into 0.01 N HCI as in the experiment of Table III, and counted in 


aqueous solution. 


t 38° the lipid was 


Experiment Additions Specific activity 
c.p.m./pmole choline 
1 None* 5 
None 9 
AMe (0.5 umole) 46 
AMe (0.5 umole) tf 9 
2 None* 75 
None 65 
AMe (2.5 umoles) 300 


* Not incubated. 


t Heated at 100° for 3 minutes before incubation. 


not occur when AMe was omitted or when the particles were 
heated at 100° before incubation (Table VII, Experiment 1). In 
a similar experiment, in which the prior incubation period with 
ethanolamine-1 ,2-C™“ (125 umoles, 1.0 uc) was extended to 40 
minutes, and a larger concentration of AMe was then used, there 
was a considerably greater transfer of radioactivity to choline in 
the presence of AMe, and again, none when it was omitted (Table 
The results of all these studies are consist- 
ent with the hypothesis that the substrate for methylation is a 
bound form of phosphatidyl ethanolamine, possibly a lipoprotein. 


VII, Experiment 2). 


DISCUSSION 


There are five known derivatives of ethanolamine, each of 
which might possibly serve as a substrate for the synthesis de novo 
of choline. These are ethanolamine itself, phosphoethanola- 
mine, glyceryl phosphorylethanolamine, CDP-ethanolamine, and 
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phospholipid ethanolamine. Dawson (24) has produced evi- 
dence that glyceryl phosphorylethanolamine is in fact a break- 
down product of phospholipid, but no studies of this sort have 
been reported for the other derivatives. The observation of 
Bremer and Greenberg (5) that when methionine-CH;-C™ was 
injected into rats radioactivity reached a maximum in CDP-cho- 
line more than 1 hour after it did in lecithin suggests that CDP- 
choline is not a precursor of lecithin in this reaction, even though 
it is an intermediate in the synthesis of lecithin from free choline 
(25, 26). In the present work it has been found that radioactiv- 
ity from AMe-CH;-C" is incorporated into lecithin in rat liver 
preparations far more readily than it is into the choline-phospho- 
choline fraction, and a similar finding has been made in vivo, with 
methionine-CH;3-C" as precursor. The simplest explanation for 
all these results is that the methyl acceptor in the synthesis de 
novo of choline is phospholipid ethanolamine, and in fact there is 
now considerable evidence for this hypothesis. 

In the first place, radioactive monomethylethanolamine, di- 
methylethanolamine, and choline have been identified in rat liver 
phospholipid after the injection of methionine-CH;-C* into rats 
(4, 5), and also in the phospholipid of rat liver microsomes after 
these were incubated with AMe-CH;-C™ ((5) and Fig. 3). The 
time course of incorporation, at least into phosphatidyldimethy]- 
ethanolamine, is consistent with the view that it is a precursor 
of phosphatidylcholine. Monomethylethanolamine and_ di- 
methylethanolamine have also been identified as constituents of 
the phospholipid of a choline-lacking mutant of Neurospora 
crassa (27), and recently phosphatidyldimethylethanolamine has 
been shown to be present and metabolically active in normal rat 
liver (28). Secondly, there was no stimulation of incorporation 
from AMe-CH;-C" into choline by ethanolamine, phosphoetha- 
nolamine, or CDP-ethanolamine (Table III). Thirdly, radic- 
active lecithin, in which only the choline residue was labeled, has 
been isolated from microsomes incubated with AMe-CH;-C" ((7) 
and Fig. 4). Fourthly, synthetic phosphatidyldimethylethanola- 
mine was found to stimulate the incorporation of C' into mi- 
crosomal lipid (29). Finally, although it has not been possible 
to demonstrate a similar stimulation by exogenous phosphatidyl- 
ethanolamine, a direct conversion to lipid choline of ethanola- 
mine-C" previously incorporated into the microsomes, either as 
such or as a partially methylated product, was observed when 
these were incubated with AMe (Table VII). We have recently 
obtained evidence which suggests that in liver, serine is decar- 
boxylated to form ethanolamine only after incorporation into 
phospholipid (23), so that reactions in the series which leads from 
serine to choline all appear to involve the corresponding phos- 
phatides as substrates. 

At present it is not possible to assign a physiological function 
to this sequence of reactions. It seems unlikely that they serve 
primarily as a mechanism for the synthesis de novo of choline. 
By the introduction of quaternary ammonium groups, the con- 
version of cephalin to lecithin could alter profoundly the charge 
on a lipid membrane, and thereby change its structure or per- 
meability. Such an alteration may play a part in determining 
the lamellar structure of the endoplasmic reticulum (30), or in 
some of the functions of intracellular transport and conduction 
which have been suggested for this component of the cytoplasm 
(31). It is significant in this connection that in rat liver both 
the methylation of phosphatidylethanolamine and the decarbox- 
ylation of phosphatidylserine occur primarily in microsomes, 
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which recent evidence has shown to be identical with the granular 
components of the endoplasmic reticulum (30). 


SUMMARY 


1. Homogenates of rat liver incorporate C14 from S-adenosy]- 
methionine-CH;-C™ into phospholipid choline and to a much 
lesser extent into phosphocholine. The activity is entirely as- 
sociated with subcellular particles, and incorporation proceeds 
with no other additions. The optimal pH is near 10.0. S8- 
Adenosylhomocysteine is a potent inhibitor, but no evidence 
could be obtained for reversal of the reaction. 

2. Radioactive monomethylethanolamine and dimethyletha- 
nolamine have been identified as constituents of the phospho- 
lipid of microsomes incubated with S-adenosylmethionine-C", 
The incorporation into dimethylethanolamine is consistent with 
its being a precursor of choline. Lecithin containing radioactive 
choline has been isolated from a similar incubation mixture. 

3. When microsomes were incubated with ethanolamine-C\, 
and adenosine and cytidine triphosphates, radioactivity was 
incorporated into the lipid ethanolamine. When microsomes 
labeled with C™ in this manner were incubated with S-adenosyl- 
methionine, a significant increase was observed in the radioactiv- 
ity of the lipid choline. 

4. These results support the hypothesis that lecithin can be 
synthesized by the transfer of methyl groups to phosphatidyl- 
ethanolamine. A possible physiological implication of this re- 
action is discussed. 
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Although stereospecificity is characteristic of the reactions of 
single enzymes, both optical antipodes are usually metabolized 
in a qualitatively similar manner in the intact animal (1—4) where 
numerous possibilities of enzyme attack exist. 

When dl-aldosterone and other racemic steroids are added to 
enzyme or microbial systems (5, 6), only the naturally occurring 
d antipodes undergo reaction, whereas the / isomers are recovered 
unchanged. The fate of the / steroids in vivo, however, is not 
known. Since aldosterone has been available chiefly in racemic 
form,! the metabolism of its / ahtipode was of interest. 

In the present study, a method for comparing the metabolism 
of a pair of antipodes has been applied to measure the conversion 
of l-aldosterone to each of the two known urinary products of the 
d isomer in man, the conjugate which is hydrolyzed at pH 1 (10) 
and tetrahydroaldosterone? (11). The method consisted of ad- 
ministering a known mixture of d- and dl-aldosterone and com- 
paring the ratio of d to dl forms in the administered mixture with 
that found in the urinary metabolites. Two methods were used 
to measure the ratio of d-aldosterone to dl-aldosterone. 

1. When the endogenous production of aldosterone was négli- 
gible, the d isomer was administered in labeled form and racemic 
aldosterone in unlabeled form. The ratio of d- to racemic aldos- 
terone was determined from the specific activity. 

2. Alternatively, d- and racemic aldosterone were each labeled 
with different isotopes, H* and C™. The ratio of d- to racemic 
aldosterone was determined from the ratio of H* to C™. 

Both methods demonstrated that over-all metabolism of aldos- 
terone in man is stereospecific. /-Aldosterone was not converted 
either to the conjugate hydrolyzed at pH 1 or to tetrahydroaldos- 
terone. 


EXPERIMENTAL PROCEDURE 
Materials 


dl-Aldosterone—Crystalline dl-aldosterone 21-monoacetate’® was 
hydrolyzed with K,CO; in methylene chloride-aqueous methanol 
(7). Paper chromatography of the neutral ethyl acetate extract 
of the hydrolysis mixture revealed only unacetylated aldosterone. 
d-Aldosterone-7-H*—-A sample of pure d-aldosterone-7-H* (20 


* Veterans Administration Clinical Investigator. 

1 The introduction of the 18-oxygen function in aldosterone has 
required total synthesis (7) which leads to a racemic product. 
Recently, however, two methods of partial synthesis of d-aldoster- 
one have been described (8, 9). 

2 The structure of the substance referred to as tetrahydroaldos- 
terone is provisional. The facts pertinent to the present discus- 
sion, however, are established (11); namely, that the substance is 
derived from aldosterone, is a tetrahydro derivative, and possesses 
three acetylatable hydroxy] groups. 

3’ Kindly supplied by Dr. C. H. Sullivan, Ciba Pharmaceutical 
Products, Inc. 


uc per wg) prepared by biosynthesis from progesterone-7-H? and 
bovine adrenal capsules (12) was kindly supplied by Dr. James 
F. Tait. Confirmation of the homogeneity of the labeled steroid 
was obtained by diluting it with carrier dl-aldosterone and carry- 
ing out the sequence of chromatographic purifications shown in 
Table I No significant change in specific activity was observed. 
d-Aldosterone-4-C'*— Progesterone-4-C" (18 we per umole) was 
incubated with bullfrog adrenal tissue, and aldosterone was iso- 
lated from the incubation mixture and purified as previously 
described (14). The assumption that biosynthetic C'*-labeled 
aldosterone was the d antipode is based on the biological activity 
of the steroid isolated from the same source (15) and on the re- 
sults reported here which demonstrated a similar metabolic fate 
for both C-labeled aldosterone and d-aldosterone-7-H*. 
dl-Aldosterone-H* (Randomly Labeled)—dl-Aldosterone (2.5 
mg) was exposed to 3 curies of tritium for 2 weeks at 27° according 
to the method of Wilzbach (16). The crude radioactive steroid 
was dissolved in methanol and the solvent removed under vac- 
uum.4 The exchange was repeated several times, and the steroid 
was stored in methanol. Aliquots were removed at intervals 
over a period of several weeks, and the radioactivity of the residue, 
after evaporation of the solvent, was determined and found to be 
constant, indicating no further exchange of isotope between ster- 
oid and solvent. The methanol was evaporated and the steroid 
chromatographed as shown in Table II. The tritiated aldos- 
terone was used after elution from the third chromatogram, as 


further chromatographic purification led to no change in specific | 


activity. 


Acetic Anhydride-1-C'*—Unlabeled acetic anhydride was added 


to acetic anhydride-1-C™ (1 we per umole) to give a final specific 
activity of 41,000 ¢.p.m. per umole. 
acetylated with the reagent, and the purified monoacetate was 
used to calculate the specific activity of the diluted acetic anhy- 


dride. 


Methods 


Measurement of Radioactivity—Tritium and C™ were measured 
in a Tri-Carb liquid scintillation spectrometer in 5 ml of phosphor 
solution. The phosphor consisted of 0.3% 2,5-diphenyloxazole 
and 0.01% 1,4-bis-2(5-phenyloxazolyl) - benzene in toluene. 
Both tritium and C™ were measured at a constant photomultiplier 
voltage of 1230 (tap 8). Tritium was measured in channel | at 
10 to 100 volts, and C was measured in channel 2 at 100 volts to 
infinity. The approximate counting efficiencies at these dis- 
criminator settings were 20°% for tritium in channel 1 and 70% 
for C™ in channel 2. The same discriminator and photomulti- 


4 Exposure to tritium and preliminary methanol exchange was 
performed by the New England Nuclear Corporation. 
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plier voltage settings were used to measure pure samples of either 
isotope as well as mixtures of the two. 

Okita et al. (17) derived the following equations for the simul- 
taneous measurement of H* and C" by the discriminator-ratio 
method: 

bN, — Ne 


(1) 


b(N2 aN) 


b-—a (2) 


Cu 


where NV, and N;, are the observed c.p.m. above background for 
channels 1 and 2, respectively, and a = N2/N, when a sample 
containing only tritium is counted and 6 = N./N, for a sample 
containing only C4’ Typical values for a and 6 with the dis- 
criminator and photomultiplier settings described above were a = 
0.03 and 6 = 2.0. Since a was small compared to b, b could 
be substituted for the term b — a in Equations 1 and 2, and the 
equations were simplified to the following form: 


H? = N, — (3) 


C4 = Nz — aN, (4) 


The precision of measurement was 1% for N,; and N2 and 5% 
for the ratio of H*? to C“%. Error due to variation in instrument 
stability was minimized by counting consecutively the chro- 
matogram eluates which contained administered and isolated 
steroids while the instrument was in automatic operation. In 
order to demonstrate that no quenching occurred, internal stand- 
ards containing tritium and C4 were added to the counting vials 
containing eluates of the final chromatogram (Chromatogram C, 
Table IIT). 3 

Paper Chromatography—Descending chromatograms were run 
on 18- by 55-cm sheets of Whatman No. 1 paper. For the Zaf- 
faroni (18) systems, formamide was diluted with an equal vol- 
ume of methanol, and propylene glycol was diluted 1:3 with 
acetone. Bush (19) systems were run at room temperature after 
1 to 3 hours of equilibration. 

Reference steroids were superimposed on a spot of the extract 
at the origin. Reference steroids containing an a@-unsaturated 
ketone group were located by scanning with an ultraviolet (254 
mu) lamp, and tetrahydrosteroids were located by staining a 
reference strip with alkaline blue tetrazolium. 

Steroids were eluted by cutting up the paper and shaking me- 
chanically in a glass-stoppered flask for 1 hour with 2 ml of solvent 
per square centimeter of paper. Free steroids were eluted with 
methanol and acetylated steroids with ethyl] acetate-95% eth- 
anol, 1:1. The eluates of Zaffaroni type chromatograms were 
dissolved in methylene chloride and washed with water to remove 
traces of stationary phase. 

Partition Column Chromatography—Chromatogram C (Table 
III) for both acetylated steroids consisted of a 1- by 60-cm col- 
umn containing 20 g of acid-washed Celite 545 (Johns-Manville) 
as support for 20 ml of stationary phase. Mobile phase was 
passed through the column at approximately 10 ml per hour. 
Fractions (5 ml) were collected. The fractions containing radio- 
active material were evaporated, the residue dissolved in 5 ml of 
phosphor solution, and the ratio of H? to C measured as de- 
scribed above. 

With the use of the two phase systems listed in Table III, the 
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TaBLeE 
Homogeneity of d-aldosterone-?-H?* 
Specific activities were determined after the addition of carrier 

and also after elution from each chromatogram in sequence. The 
amount of aldosterone in the eluates of Chromatograms 1 and 2 
was determined by blue tetrazolium reduction (13). The amount 
of aldosterone diacetate in the eluates of Chromatograms 3 and 4 
was determined by isotope derivative assay. All chromatograms 
were on Whatman No. 1 paper except Chromatogram 4 which was 
a partition column on Celite. 


Procedure ‘Specific activity 
c.p.m./pmole 

x< 105 

Chromatogram 1. Toluene/propylene glycol........ 2.34 
Chromatogram 2. Toluene: ethyl acetate 9:1/meth- 

Acetylate with acetic 

Chromatogram 3. Methyleyclohexane:toluene 1:1/ 2.28 

Chromatogram 4. Cyclohexane: benzene 7:3/meth- 

TABLE II 


Purification of dl-aldosterone-H* (randomly labeled) 
Specific activities were determined after exchange with meth- 
anol and also after elution from each of the four chromatograms 
in sequence. The amount of aldosterone in the eluates of Chro- 
matograms I, 2, and 3, and of aldosterone diacetate in the eluate 
of Chromatogram 4 was determined by blue tetrazolium reduction 


(13). 


Procedure Specific activity 
c.p.m./pmole 
108 
Exchange with methanol......................... 68.0 
Chromatogram 1. Ethylene dichloride/formamide. 2.34 
Chromatogram 2. Toluene/propylene glycol...... 2.10 
Chromatogram 3. Toluene: ethyl acetate 9:1/meth- 

Chromatogram 4. Methyleyclohexane: toluene 


elution volumes were approximately 80 ml from the solvent front 
for both acetylated derivatives. The partition columns prepared 
in this way had several hundred theoretical plates. 
Administration of Aldosterone—A sterile solution of the steroid 
in 5% ethanol was used for intravenous administration. For 
oral administration,’ the steroid was dissolved in 0.1 ml 95% 
ethanol and placed in gelatin capsules. An aliquot of the ad- 
ministered aldosterone was counted and purified in the same way 
as described for aldosterone isolated from urine. Aldosterone 
secretion in the subjects studied was determined by a method 
previously described (20). The normal subject secreted 150 
ug per day and the subject with Addison’s disease less than 25 


5 Mixtures containing C‘-aldosterone were administered by 
mouth. Although the steroid isolated from frog adrenals was 
chemically pure, its toxicity following intravenous administration 
had not yet been established. 


| 
and 
mes 
roid J 
rry- | 
n in | 
ved, 
was 
1S0- 
eled | 
vity 
> Te- 
fate 
(2.5 | 
ding | 
roid 
vac- 
roid 
idue, 
obe | 
ster- 
roid | 
dos- | 
1, as 
cific 
ded 
cific 
was 
nhy- | 
ured | 
phor 
zole 
plier f 
lat © 
Its to 
dis- 
70% 
ulti- 
UM 


682 


Stereospecificity in the Metabolism of Aldosterone in Man 


Vol. 236, No. 3 


TaBLE III 
Systems for the chromatographic purification of administered and isolated steroids 


Free steroids were chromatographed on System A and the acetylated derivatives on Systems B and C. Administered aldosterone 
and aldosterone isolated from the pH 1 hydrolyzable fraction of urine were purified in the same way. Systems A and B were carried 


out on Whatman No. 1 paper. 


System C was a partition column on Celite. 


Chromatogram 
| | | Running rate 
| System meer, weet Reference steroid relative to refer- 
ence steroid 
| Ars | 
Aldosterone _A Toluene/propylene glycol 24 Cortisone 1.02 
| B Methyleyclohexane:toluene 1:1/ | 1s Aldosterone diacetate 
formamide 
Cyclohexane: benzene 7:3/methanol: 
water 4:1 
Tetrahydroaldosterone A Ethylene dichloride/formamide 48 Tetrahydrocortisonet 0.7 
B Methyleyclohexane/formamide 18 Desoxycorticosterone  ace- 1.1 
tate 
C Cyclohexane/methanol: water 4:1 ° 


* The tritium content of eluates of Chromatogram C served to locate the desired steroid. 
+ It was not necessary to add tetrahydrocortisone as reference steroid as it was abundantly present in the glucuronide fraction. 


TaBLe IV 
Administration of dl-aldosterone-H® plus d-aldosterone-4-C'4 


Experiment 1: A mixture of 5.1 X 10° ¢.p.m. dl-aldosterone-H? 


and 41,000 c.p.m. d-aldosterone-4-C!** was administered by mouth 
to a subject whose rate of secretion of aldosterone was normal. 
The two urinary steroids were isolated, acetylated with non- 
radioactive acetic anhydride, and the acetylated derivatives 
were purified as described. The administered aldosterone was 
purified in the same way as aldosterone isolated from urine. 
Values for the ratio of H* to C'* are shown for each steroid-for 
the eluates of Chromatogram B and for the peak fractions of 
partition column C. 


| H3; C4 
Steroid Source Partition column C | 
fractions | Mean 
| 
Aldosterone. ..... Admin- 126 121120 130 124 
istered | 
Aldosterone. ..... Urine 65 | 62 64 59 62 2.0 
Tetrahydroal- | 
dosterone......| Urine 69 | 59 68 65, 64 1.9 


* The amounts of unlabeled carrier aldosterone administered 
along with the labeled steroids were 20 ug of dl-aldosterone and 
less than 1 yg of d-aldosterone. 


ug per day. The Addisonian subject was in good health at the 
time of the study and was receiving 25 mg of cortisone and 0.1 
mg 9a-fluorohydrocortisone daily as adrenocortical replacement. 
Acetylation—Acetylations with both labeled and unlabeled 
reagent were performed with 0.05 ml of acetic anhydride and 0.1 
ml of dry pryidine for 24 hours at room temperature in glass- 
stoppered conical test tubes. The excess reagents were removed 
by dissolving the acetylation mixture in methylene chloride and 
washing several times with 0.1 N HCl, cold 0.1 N NaOH, and 
water. The methylene chloride solution was dried over sodium 


sulfate and evaporated. 


Preparation of Urinary Extracts—After administration of the 
dose of labeled aldosterone, urine was collected for two 24-hour 
periods. Only the first 24-hour specimen was used for the iso- 
lation of urinary products, since it was found to contain 80 to 
90% of the radioactivity excreted during the 48-hour period. 

1. Free Fraction—Unhydrolyzed urine was extracted with 
ethyl acetate and the extract washed with 0.1 N NaOH and water, 
dried, and evaporated. 

2. Glucuronide Fraction—After removal of the free fraction, the 
extracted urine and combined washings were brought to pH 5 
with acetic acid and incubated with 500,000 units of 6-glucuroni- 
dase (Ketodase, Warner-Chilcott Laboratories) for 5 days at 
37°. The hydrolyzed urine was extracted with ethyl acetate, and 


the extract was washed with 0.1 nN NaOH and water, dried over © 


sodium sulfate, and evaporated. 


3. pH 1 Hydrolyzed Fraction—After removal of the glucuronide 


fraction, the extracted urine and combined washings were brought 
to pH 1 with concentrated HCI and allowed to stand at room 


temperature for 24 hours. The urine was extracted with ethyl] — 
acetate and the extract was washed until neutral, dried, and — 


evaporated as described above. 


Isolation of Urinary Steroids—Aldosterone was isolated from : 


the pH 1 hydrolyzed fraction and tetrahydroaldosterone from the 
glucuronide fraction of urine. For the elution of each steroid, 
the appropriate zone of paper was cut out in relation to the run- 
ning rate of the reference steroid shown in Table III. The se- 
quence of chromatographic purification used for each steroid is 
also shown. 


RESULTS 


In Experiment 1, Table IV, trace amounts of a mixture of dl- 
aldosterone-H? and d-aldosterone-4-C were administered by 
mouth to a normal subject. The ratio of H*® to C™ in the ad- 
ministered mixture was compared to the ratio in each urinary 
metabolite. Within the precision of measurement, the ratio of 
H? to C"4 of the administered aldosterone was twice that of the 
urinary products. This indicated that one-half of the racemic, 
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tritium-labeled moiety, the ] antipode, was not converted to 
either of the isolated urinary steroids. 

In Experiment 2, Table V, 1.0 mg of unlabeled dl-aldosterone 
was administered intravenously together with a trace amount of 
d-aldosterone-7-H’ to a subject with Addison’s disease whose 
endogenous aldosterone production was negligible. The specific 
activity of each urinary steroid was found to be twice that of the 
administered aldosterone. This indicated that one-half of the 
administered unlabeled racemic hormone, the | form, was not 
converted to either urinary product. The same result was ob- 
tained for both routes of administration, and for a trace amount 
of racemic hormone (20 ug) as well as 1.0 mg. 

The recovery data of Table VI demonstrated that more tritium 
appeared in the pH 1 hydrolyzed and glucuronide fractions of 
urine after the administration of labeled d- than dl-aldosterone,® 
as would be expected if /-aldosterone were converted to urinary 
products to a lesser extent. The recovery data, however, are 
subject to variable losses during hydrolysis and extraction and 
cannot therefore be interpreted as precisely as the data of Tables 
IV and V which were independent of such losses. 

The results demonstrate that l-aldosterone was not converted 
to either the conjugate hydrolyzed at pH 1 or tetrahydroaldos- 
terone glucuronide. If only these conversions were impaired, 
one would expect to account for approximately 50% of the in- 
jected radioactivity following the administration of dl-aldos- 
terone-H? among the unconjugated steroids of the free fraction of 
urine. However, the recovery of radioactivity in the free frac- 
tion (0.5 to 1.1%) shown in Table VI was not significantly dif- 
ferent for d- and dl-aldosterone. Although the amount of steroid 
in the free fraction was too low to permit the isolation of aldos- 
terone and the determination of the ratio of d to dl forms, the 
radioactivity in this fraction did not account for the | antipode. 

Precision—The precision of the results depends on the purity 
of the administered and isolated steroids and on the accuracy of 
measurement of the ratio of H® to C'. The over-all counting 
error in the measurement of the final isotopic ratios, the quotient 
of H* to C' values for administered and isolated steroids, was 
10%. The purity of each steroid was indicated by a constant 
ratio of H* to C'* among the three peak fractions of a partition 
column of several hundred theoretical plates. In Experiment 1, 
Table IV, in which labeled steroids were the principal radioactive 
moieties in the crude urinary fractions, the sequence of chroma- 
tographic separations served largely to remove nonsteroidal, non- 
radioactive substances which might influence the observed ratio 
of H* to C by quenching. The fact that this ratio did not 
change significantly after Chromatograms B and C in Experi- 
ment 1, Table IV, indicated that quenching substances were ef- 
fectively removed by the purification procedure employed. In 
Experiment 2, Table V, in which isotope derivative assay with 
C'labeled acetic anhydride was used, the sequence of chroma- 
tographic purification was necessary in order to remove other 
C'Jabeled acetates. A change in the ratio of H® to C“ was usu- 
ally observed when eluates of Chromatogram B were compared 
to the peak fractions of Chromatogram C. The homogeneity of 
the isolated steroids was demonstrated by the agreement in the 
ratios of H* to C4 among the peak fractions of Chromatogram C. 


* Although these data compare the recovery following d- and 
dl-aldosterone for the oral route of administration, unpublished 
observations have consistently demonstrated that the recovery 
of tritium is greater following the administration of the d form for 
the intravenous route as well. 
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TABLE V 
Administration of d-aldosterone-7-H? plus dl-aldosterone 


Experiment 2: A mixture of 615,000 c.p.m. d-aldosterone-7-H3 
and 1.0 mg of unlabeled dl-aldosterone was administered intra- 
venously to a subject with Addison’s disease. Two urinary 
steroids were isolated and acetylated with acetic anhydride-1-C™. 
After chromatographic purification, the specific activity* of each 
steroid was calculated from the mean ratio of H? to C™ of Chro- 
matogram C. An aliquot of the administered mixture was 
acetylated with acetic anhydride-1-C' and purified in the same 
way as aldosterone isolated from urine. 


He: Specific activity* 
Steroid Source . 
Peak | 
Aldosterone.. Admin- 2.5:2.92.7 2.7 | 2.21 105 
istered | 
Aldosterone. .| Urine 5.05.45.3) 5.2 . 4.26 * 105 1.9 
Tetrahydro- | 
aldosterone.| Urine 3.63.9 3.7 3.7 | 4.55% 92.1 


* Specific activity = (H*:C') (specific activity of acetic an- 
hydride) (number of acetate groups per mole). Specific activity 
of acetic anhydride = 41,000 c.p.m. C' per umole. Number of 
acetate groups per mole = 2 for acetylated aldosterone (21) and 
3 for acetylated tetrahydroaldosterone (11). 


TABLE VI 
Recovery of radioactivity in urinary fractions following 
the administration of tritium-labeled d- and 
dl-aldosterone 

Urine was collected for 24 hours after the administration of 
labeled aldosterone. The crude urinary fractions were prepared 
as described and the percentage recovery of administered tritium 
calculated for each fraction. 


Experiment Recovery in urinary fraction 
No. Form Route Free poss x pH 1 | Total* 
% administered tritium 
1 dl Oral 0.8 11.1 5.4 17.3 
2 d Intra- 1.1 35.0 12.7 48.8 
venous 
3 d Oral 0.5 31.0 8.2 39.7 


* Sum of free and glucuronide and pH 1 fractions. 


DISCUSSION 


Although the administration of racemic aldosterone to human 
subjects would be expected to lead to a resolution of the mixture 
and to the excretion of optically active urinary products of the 
d configuration, the excretion of only one antipode need not have 
been due to the absence of enzymes capable of acting on the / 
form. /-Aldosterone may not have reached the sites of metabo- 


lism or excretion because of rapid and selective removal from the 
circulation by tissue or serum protein binding or by excretion into 
the gastrointestinal tract. 

Indeed, the failure to account for /-aldosterone among the un- 
conjugated steroids of urine, as well as the failure of /-aldosterone 
to be excreted either as the conjugate hydrolyzed at pH 1 or the 
tetrahydrometabolite, suggests another explanation. 


The renal 
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mechanism for excreting aldosterone may itself be stereospecific. 
Such a possibility is not without precedent, as stereospecific renal 
tubular secretion has recently been demonstrated for the anti- 
podes of malice acid (22, 23). 

The daily rate of secretion of aldosterone has been estimated 
after a tracer dose of tritiated d-aldosterone by dividing the c.p.m. 
of hormone injected by the specific activity of aldosterone (24, 
25) or tetrahydroaldosterone (20) isolated from a 24-hour urine 
specimen. Since /-aldosterone is not converted to either urinary 
product, estimates of aldosterone production made after the 
injection of tritiated dl-aldosterone, based on the specific activity 
of either urinary product, would be expected to be twice the true 
value. However, tritiated dl-aldosterone could be used to esti- 
mate aldosterone production by this technique, if the observed 
result is corrected by dividing by two. 

The method employed would appear to be generally applicable 
to the study of comparative metabolism of enantiomorphs when 
both antipodes are not available in pure form, and when the 
quantities of metabolic products which can be isolated are in- 
sufficient for polarimetry. 


SUMMARY 


1. The metabolism of a pair of enantiomorphs may be com- 
pared by introducing one labeled antipode plus the racemic mix- 
ture, and determining the ratio of antipode to racemate in the 
starting material and in the metabolic products. 

2. Application of these techniques to aldosterone demon- 
strated that the metabolism of the hormone in man was stereo- 
specific. After the administration of racemic aldosterone, the 
unnatural antipode, /-aldosterone, was not accounted for among 
the unconjugated steroids of urine and was not converted to 
either the conjugate hydrolyzed at pH 1 or to urinary tetrahydro- 
aldosterone. 
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XV. PARTIAL SYNTHESIS OF THE NEW METABOLITE OF DEOXYCHOLIC ACID, 
3a ,68 ,12a-TRIHYDROXYCHOLANIC ACID* 


Rosert L. Ratuirr,t T. Matscuiner, E. A. Dorsy, Jr., 8. L. Hs1a, Sipney A. THAYER, WILLIAM H. 
AND Epwarp A. Doisy 


From the Department of Biochemistry, St. Louis University School of Medicine, St. Louis, Missouri 


(Received for publication, September 13, 1960) 


In a previous paper (1), we reported the isolation of two radio- 
active metabolites from the urine of surgically jaundiced rats 
after the administration of C'4-labeled deoxycholic acid. Cholic 
acid was the major product and a new acid, hitherto unknown, 
was the other radioactive metabolite. Since our studies on the 
new acid showed that three nuclear hydroxy] groups were present 
and that oxidation to the dehydro acid gave a product differing 
from dehydrocholic acid, it appeared possible and indeed likely 
because of the capacity of the rat for hydroxylate in the 6 posi- 
tion that the new acid is 3a,6&,12a-trihydroxycholanic acid. 
This postulate was strengthened by the isolation of two crystal- 
line acids (m.p., 201-202° and 229-230°) from the oxidation 
products of the metabolite. Since Windaus (2) had shown 
that 3,6-diketocholanic acid is converted to 3,6-diketoallo- 
cholanic acid by heating with acetic acid containing a small 
amount of hydrochloric acid, our acid with the lower melting 
point was subjected to that treatment; the acid with the higher 
melting point was isolated. 

Of the two possible isomers at carbon 6, Takeda and Igarashi 
(3) and Haslewood (4) have prepared 3a,6a,12a-trihydroxy- 
cholanic acid. Inasmuch as the physical constants of this acid 
and its derivatives differ from those of the metabolite, we pre- 
pared 3a ,68,12a-trihydroxycholanic acid for comparison with 
the metabolite. 


EXPERIMENTAL PROCEDURE! 


Partial Synthesis of 3a,68,12a-Trihydroxrycholanic Acid— 
Methyl-3a , 12a-dihydroxy-7-ketocholanate which was prepared 
from methyl cholate (5, 6) was acetylated (7, 8) and then 
brominated to give methyl-3a, 12a-diacetoxy-6a-bromo-7-keto- 
cholanate (7-11). After reduction of this bromoketone with 
sodium borohydride, the resulting bromohydrin was treated with 
zinc dust in acetic acid (12) to obtain methy] 3a, 12a-diacetoxy- 
A®-cholenate (J) as a colorless oil (see Scheme I). The free acid 


* A preliminary report of the studies contained in this paper 
was presented at the meeting of the Federation of American So- 
cieties for Experimental Biology at Atlantic City, April, 1959. 
This investigation was supported in part by a Public Health 
Service training grant, No. 2G-446, from the Division of General 
Medical Sciences, Public Health Service. 

t Present address, The Enzyme Institute, University of Wis- 
consin, Madison, Wisconsin. 

1 All melting point determinations were taken on the Fisher- 
Johns apparatus and are reported as read. Specific rotations 
were taken in a 1-dm tube; methanol was used as the solvent un- 
less stated otherwise. Infrared spectra were determined in Nujol 
with a Perkin-Elmer model 21 spectrometer with rock salt optics. 


was obtained after hydrolysis with methanolic KOH (13). 
The physical properties of these intermediates agreed with those 
given in the references cited. 

Methyl-3a , 12a-diacetoxy-A®-cholenate (J) was converted to 
methyl-3a@ ,66 ,12a-triacetoxy-7a-bromocholanate (JJ) by a 
procedure previously used in the preparation of methyl 3a,68- 
diacetoxy-7a-bromocholanate (14). Finely pulverized silver 
acetate, 1.34 g, was suspended in 25 ml of acetic acid, and 1.29 
g of bromine were added to a solution of 1.8 g of I dissolved in 
50 ml of acetic acid. The mixture was stirred for 30 minutes, 
diluted with water, and extracted with ether. The oily residue 
failed to crystallize, but gave a positive Beilstein test, indicating 


HO 
OOCH, NA COOH 
Ni 
Bra 2.KOH 
AcO Br 
I OAc OH 
|: CH3Nz 
2. Ac20, Py 
HQ 
OOH OOH OOCH; 
Wolf f- 
Kishner 2.KOH 
HO HO AcO 
wi OH VY OH Ty OAc 
SCHEME I 


the presence of bromine. Chromatography of this oil in the 
aqueous acetic acid partition system (15) indicated the presence 
of one principal product. : 

The oil (JZ) was debrominated by refluxion for 18 hours with 
23 g of Raney W-2 nickel (16)? in a mixture of 250 ml of ethanol, 
100 ml of water, and 1.5 ml of acetic acid. The catalyst was 
removed by filtration, the filtrate evaporated to a small volume 
and hydrolyzed with 4% methanolic potassium hydroxide by 
heating for 2 hours on a water bath. The product was chro- 


matographed in the aqueous acetic acid partition system;? 635 


mg of the synthetic acid (JJJ) were isolated from Fractions 


2It was found in subsequent syntheses of 3a,68,12a-trihy- 
droxycholanic acid that if the Raney W-2 nickel was not washed 
thoroughly to remove all traces of sodium hydroxide, deoxycholic 
acid was the major product. 

3 The designations of the fractions from this column have been 
abbreviated according to the percentage of benzene in Skelly- 
solve B. Thus, 20-1 is the first fraction of the eluent containing 
20% benzene. 
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100-1, 100-2, and 100-3; m.p., 137-139°; [a]? + 36° (c, 0.406; 
95% ethanol). Admixture with a sample of the natural acid 
(m.p., 136-138°) did not depress the melting point. Elemental 
analysis of the synthetic acid gave carbon and hydrogen values 
similar to those obtained from the natural acid (1). The methy] 
ester triacetate of the synthetic acid was prepared by methyl- 
ating with diazomethane and acetylating with a mixture of 
acetic anhydride and pyridine: m.p., 144-146°; [a]? + 89° 
(c, 0.404); admixture with the methyl ester triacetate of the 
natural acid (m.p., 147—148°) did not depress the melting point. 


Cz, H4s08 
Calculated: C 67.86, H 8.82 
Found: C 67.93, H 8.40 


Determination of Configuration of Hydroxyl 
Group at Carbon 6 


38a ,68-Dihydroxy-12-ketocholanic acid (V)—3a,68,12a-Tri- 
hydroxycholanic acid (JJ7), 535 mg, was methylated with 
diazomethane and partially acetylated with a mixture of 2 ml 
of acetic anhydride, 2 ml of pyridine, and 10 ml of benzene at 
room temperature for 8 hours. The reaction was stopped by 
adding 10 ml of 50% aqueous acetic acid, and the mixture was 
extracted with ether. After evaporation of the ether and 
chromatography of the residue, the methyl ester diacetate 
(IV) was eluted in Fractions 0-4 and 20-1. The two fractions 
(235 mg) were dissolved in 3 ml of acetic acid and oxidized at 
room temperature overnight with a solution of 77 mg of chromic 
anhydride in 2.3 ml of 90% aqueous acetic acid. The oxidized 
product was hydrolyzed with 5% methanolic KOH by heating 
on a water bath for 2 hours. The free acid (V) was extracted 
with ether and crystallized from methanol and water to yield 


116 mg: m.p., 279-280°; [a]??° + 88° (c, 0.395). Takeda and . 


Igarashi (3, 17) reported a melting point of 255-256° for 3a ,6a- 
dihydroxy-12-ketocholanic acid. 


C2H3805 
Calculated: C 70.90, H 9.42 
Found: C 70.60, H 9.31 


38a ,68-Dihydrozycholanic acid (VI)—An 80 mg quantity of 
(V) was dissolved in a mixture of 0.775 g of potassium hydroxide 
and 4 drops of water. After the acid had dissolved, 15 ml of 
triethylene glycol and 1 ml of 85% hydrazine hydrate were 
added; the mixture was refluxed for 1.5 hours at 120° and at 
190° for 5 hours (18). The solution was acidified, extracted with 
ether, and the residue was chromatographed. The dihydroxy 
acid was eluted in Fractions 40-2 and 40-3, and was crystallized 
from aqueous methanol: m.p., 209-210°; [a]?° + 37° (c , 0.559); 
melting point of mixture with an authentic sample of 3a,66- 

dihydroxycholanic acid‘ showed no depression. 

Calculated: C 73.43, H 10.27 
Found: C 73.00, H 10.16 


Haslewood (4) and Takeda and Igarashi (3, 17) obtained 
hyodeoxycholic acid (8a,6a-dihydroxycholanic acid) from the 
3a ,6a-dihydroxy-12-ketocholanic acid. 


* 3a ,68-Dihydroxycholanic acid was prepared by reduction of 
3a-hydroxy-6-ketocholanic acid with sodium borohydride, and 
purified by chromatography and crystallization. The physical 
properties of the product were similar to those reported (19-21); 
the infrared spectrum is significantly different from that of the 
6a-epimer. 
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Oxidation Products of 3a,68,12a-Trihydroxycholanic Acid~ 


In the previous experiment (1), on a limited amount (5 mg) of © 
the metabolite, two triketo acids were obtained on oxidation — 


with chromic anhydride; the quantity of acids precluded rigorous 
purification. The oxidation products were studied more thor. 
oughly after the synthetic acid was obtained. 


Oxidation of 350 mg of the synthetic acid with 250 mg of | 


chromic anhydride in 90% aqueous acetic acid gave the tri. 
ketocholanic acid: m.p., 217-219°; [a]?°° 0° (c, 0.423). 


Calculated: C 71.61, H 8.51 
Found: C 71.22, H 8.47 


The methyl ester was prepared by treatment of 3,6, 12-tr- 
ketocholanic acid with diazomethane: m.p., 216-218°; [a], @° | 
(c, 0.242). 


C23H360s 
Calculated: C 72.08, H 8.71 
Found: C 71.72, H 8.81 


Another portion of the triketocholanic acid (100 mg) was 
allomerized by heating for 1 hour in a mixture of 10 ml of acetic | 
acid and 6 drops of concentrated hydrochloric acid. The 
triketoallocholanic acid was crystallized from aqueous acetic | 
acid: m.p., 248-249°, [a]3°° + 60° (c, 0.402). 


| 
Calculated: C 71.61, H 8.51 | 
Found: C 71.54, H 8.58 


Methyl-3 ,6,12-triketoallocholanate was prepared from the 
allo acid: m.p., 212-214°, [a], + 25° (c, 0.486). 


C2sH360s 
Calculated: C 72.08, H 8.71 
Found: C 72.13, H 8.78 


Because the physical constants reported in this paper did not 


agree with some of those reported by Takeda and Igarashi (17), © 
the preparation of each compound was repeated one or more! 
times. Values in agreement with those reported in this paper f 
were obtained. : 


DISCUSSION : 


Previous experiments in these laboratories had shown that the — 
rat is capable of hydroxylation at C-6 of the steroid nucleus of © 
bile acids (22-24). The first evidence that the new metabolite — 
of deoxycholic acid-24-C" might be a 3,6, 12-trihydroxycholanic 
acid was obtained when the new acid was oxidized with chromic | 
anhydride to two crystalline triketo acids (1). A _ possible 
explanation of this observation could be the isomerization of the 
6-keto acid at C-5. This hypothesis was supported by the 
conversion of the triketo acid with the lower melting point to _ 
the allomer with higher melting point by treatment with hydro | 
chloric acid. 
trihydroxycholanic acid reported by Takeda and Igarashi (3, 
17) and Haslewood (4) differed from the new acid, 3a, 68, 12a- 
trihydroxycholanic acid was synthesized. It was found to be” 
identical with the new metabolite. The partial synthesis was © 
based on a procedure previously shown to introduce an axial 63- — 
acetoxyl group to a A® intermediate (14). That this actually — 
did occur was shown by removal of the 12a-hydroxyl group 
through the 12-keto derivative by Wolff-Kishner reduction to 
yield 3a ,68-dihydroxycholanic acid. | 


Inasmuch as the physical constants of 3a,6a,120- 
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SUMMARY 


The experimental evidence previously obtained (1) indicated 


that the new metabolite of deoxycholic acid in surgically jaun- 
diced rats was a trihydroxycholanic acid. The partial synthesis 
of this new acid has been accomplished and the configuration of 
the hydroxyl group at carbon 6 has been shown to be 8 by re- 
moval of the 12-hydroxyl group and comparison of the dihy- 
droxycholanic acid with the known 3a,66-dihydroxycholanic 
acid. The structure of the new metabolite of deoxycholic acid, 
as shown by chemical studies and partial synthesis, is 3a , 68 , 12a- 
trihydroxycholanic acid. 
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Metabolism of Trihydroxycoprostanic Acid: Formation from 
Cholesterol in the Alligator and Conversion to Cholic 
Acid and Carbon Dioxide in Vitro 
by Rat Liver Mitochondria * 


Tuomas Briaes,t MicHarEL W. WHITEHOUSE,{ AND Ezra STapLe§ 
From the Department of Biochemistry, University of Pennsylvania School of Medicine, Philadelphia 4, Pennsylvania 


(Received for publication, October 13, 1960) 


Comparative studies of bile salts (1-3) indicate that the evolu- 
tion of these substances may have proceeded through a stage 
marked by the occurrence of C-27 acids such as trihydroxyco- 
prostanic acid. This steroid-acid, found in the bile of croco- 
dylidae and other “primitive’’ vertebrates, is also important 
from a metabolic standpoint, since it may be an intermediate in 
the formation of mammalian bile acids from cholesterol (4-6). 
The present studies were undertaken in an attempt to find a 
further connection between the evolutionary and metabolic 
sequences of bile acid formation. 

Through an investigation of the comparative biochemistry 
and metabolism of the bile acids, additional evidence has been 
found implicating C-27 acids as intermediates in the formation 
of the C-24 acids. Studies in vivo and in vitro support the hy- 
pothesis (3) that the pathway of bile acid formation may be an 
instance of a biochemical scheme which recapitulates the evolu- 
tionary process. 

Preliminary reports (7, 8) of portions of this work have ap- 
peared. 


EXPERIMENTAL PROCEDURE 


AMP, ATP, DPN, and glutathione were obtained from the 
Sigma Chemical Company, St. Louis. Cholesterol-26-C' was 
synthesized from 3 8-acetoxy norcholest-5-ene-25-one (kindly 
supplied by Dr. A. I. Ryer, Schering Corporation, Bloomfield, 
New Jersey) according to the method of Ryer, Gebert, and 
Murrill (9). 

Radioactivity was usually measured using a windowless gas 
flow Geiger-Miiller counter. Large numbers of samples, for 
instance, eluates from a partition column, were counted in a 
thin window, automatically operated device (Nuclear-Chicago 
Corporation, model D-47); this counter could also be made 


* The data in this paper are taken from a dissertation presented 
by Thomas Briggs to the faculty of the Graduate School of Arts 
and Sciences of the University of Pennsylvania in partial fulfill- 
ment of the requirements for the degree of Doctor of Philosophy. 
This work supported in part by a grant (H-1532) from the United 
States Public Health Service. 

Tt Predoctoral Research Fellow of the National Heart Institute, 
United States Public Health Service, 1959-1960. 

t Present address; Department of Biochemistry, University of 
Oxford, Oxford, England. 

§ This work was done during the tenure of an Established In- 
vestigatorship of the American Heart Association, Inc. 
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windowless, for increased sensitivity. Samples of barium car. 
bonate were corrected to infinite thinness; specimens of low 


specific activity could be. determined most accurately with a 


Packard Tri-Carb liquid scintillation counter. 

Rats (150 to 200 g, male) were of the Wistar strain. A\lliga- 
tors (60 cm) were American alligators, Alligator mississippiensis, 
These reptiles were obtained from Bill Chase, Miami, Florida 
(later of the Miami Animal Company). 

Washed mitochondria, solutions of soluble cofactor, and sus- 
pensions of cholesterol in Tween 20 were prepared as described 
in previous reports from this laboratory (10). Incubations were 
conducted at pH 8.5 and 37° for various time intervals in 125-ml 
conical flasks containing center wells, essentially as described 
previously (10). Each flask contained 1 ml of mitochondria 
suspension equivalent (unless stated otherwise) to one-fourth of 
a rat liver, 5 ml of soluble cofactor solution, and other additions 
as follows: 5 ml of 0.25 m Tris hydrochloride buffer pH 8.5, con- 


taining radioactive substrate, and 1 ml of a solution containing, 
per ml, 25 mg of ATP, 5 mg of DPN, 15 mg of glutathione, 4 
mg of AMP, 10 mg of Mg(NOs3)2-6H.O, 22 mg of trisodium 
citrate (dihydrate), 2000 units of penicillin G, and 1 mg of strep- © 
tomycin phosphate. The final volume was 12 ml. The center — 
wells contained 2.0 ml of 2.6 n NaOH. At the conclusion of 
the incubation period, 2.0 ml of 2 N H2SO, were added to each 
flask to displace carbon dioxide. The latter was converted to 
barium carbonate (10), and radioactivity was determined as 
described above. 

Partially purified bile salts were prepared from bile as de- } 
scribed by Haslewood and Wootton (1). Trihydroxycoprostanie 
acid was obtained from alligator bile salts by autoclaving 1 
2.5 N NaOH in a metal container for 16 hours at a pressure of F 
20 pounds per sq. in. (125°). The alkaline hydrolysate was | 
diluted with water, saturated with NaCl, and acidified to pH 
1 with HCl. The precipitated coprostanic acids were extracted | 
with ethyl acetate and further purified by partition column | 
chromatography as described by Mosbach, Zomzely, and Ken- | 
dall (11). The stationary phase was 4 ml of 70% acetic on 5g 
of Celite 545; the moving phase was (a) 45 ml of petroleum ether | 
(30-60°); (b) 90 ml of 40% isopropyl ether in petroleum ether | 
(7). Trihydroxycoprostanic acid when added to incubations 
was in Tris buffer solution pH 8.5. 

Incubation mixtures were analyzed for bile acids by a pro 
cedure similar to that used for bile. After acidification to dis- 
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place COs, the mixture was extracted three times with n-butanol. 
The butanol extracts were evaporated under a stream of nitro- 
gen; hydrolysis and precipitation of the bile acids were accom- 
plished as described above, except that hydrolysis was continued 
for only 4 hours. Cholie acid was purified by reversed phase 
partition column chromatography with a solvent system similar 
to that described by Bergstrom and Sjévall (12, 13). The sta- 
tionary phase was 3 ml of 50% chloroform in octanol-2 on 4.5 g 
of hydrophobic Super-Cel; the moving phase was 300 ml of 50% 
methanol in water. In later experiments butanol extraction 
was omitted; the incubation mixture was hydrolyzed directly. 


RESULTS 


Formation of Bile Acids from Cholesterol in the Alligator—It is 
generally agreed that in mammals, bile acids are a major end 
product of cholesterol metabolism. That a similar reaction 
occurs in a reptile has been demonstrated in the present studies. 
Carbon 14-labeled cholesterol was administered to an alligator 
with a gallbladder fistula, and radioactivity was recovered in 
the biliary trihydroxycoprostanic acid. Experimental details 
have been presented in a previous report (7). 

Oxidation of Trihydroxycoprostamic acid-26 ,27-C™! to in 
Vitro—The effect of nonradioactive trihydroxycoprostanic acid 
upon the oxidation in vitro of the terminal methyl groups of 


- cholesterol-26-C™ was first studied, with the expectation that 


an inhibition of cholesterol oxidation would result. Each incu- 
bation flask contained mitochondria, boiled supernatant fraction, 
cofactors, cholesterol-26-C' (36 mumoles, 7900 ¢.p.m.) in Tris 
buffer pH 8.5, and various amounts of either sodium cholate or 
sodium trihydroxycoprostanate. It is seen (Fig. 1) that the 
latter substan¢e had a profound inhibitory effect upon the pro- 
duction of radioactive carbon dioxide from terminally labeled 
cholesterol. The presence of 0.2 umole of the unlabeled acid 
per ml in the incubation depressed the yield of C“O2 to 12% of 
that of the control incubation containing cholic acid and labeled 
cholesterol. The formation of nonradioactive carbon dioxide 
was also depressed, but to a much lesser degree. 


The next experiment was conducted to test whether trihy- | 


droxycoprostanic acid-26,27-C' could be oxidized to C%O2 by 
rat liver mitochondria (Table I). The radioactive substrate 
was prepared biosynthetically from cholesterol-26-C'™, and had 
a specific activity of 1240 c.p.m. per mg. One incubation flask 
contained trihydroxycoprostanic acid-26,27-C™ (620 c.p.m., 1.1 
umole); the other contained cholesterol-26-C™ (7100 ¢.p.m., 32 
mumole). The same preparation of mitochondria produced 
radioactive carbon dioxide in 18% yield from cholesterol, 
whereas trihydroxycoprostanie acid yielded 33%. 

Formation in Vitro of Cholic Acid from Trihydroxycoprostanic 
Acid—Trihydroxycoprostanic acid-4-C" was prepared from 
cholesterol-4-C™ by an alligator gallbladder cannulation proce- 
dure similar to that used for the preparation of the terminally 
labeled compound. The acid has a specific activity of 2700 
¢.p.m. per mg. 

The incubation was carried out with twice the usual quantities 
of solutions and cofactors (24 ml). Mitochondria from two- 
thirds of a rat liver were used. The incubation contained 0.5 
mg (1.1 wmoles, 1350 e.p.m.) of trihydroxycoprostanic acid-4-C"%, 
and was shaken at 37° for 8 hours. At the end of the incuba- 

1 This designation refers to a mixture of two radioactive species; 


i.e. half the molecules contain C' in the 26-carboxyl group, the 
others are labeled in the 27-methyl group. 
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Fic. 1. Effect of bile acids upon the production of CO, from 
cholesterol-26-C!* by rat liver mitochondria (A) and upon the 
total production of CO2 (B). Incubations conducted as described 
in text. Radioactive substrate, cholesterol-26-C' (36 myumoles, 
7900 c.p.m.). O——O, sodium cholate added; x X, sodium 
trihydroxycoprostanate added. 


TaBLeE 
Production of radioactive carbon dioxide from trihydroxycoprostanic 
acid-26,27-C' and from cholesterol-26-C' by rat liver 
mitochondria 
Duration of incubation, 14 hours. Radioactive substrates, 
trihydroxycoprostanic acid-26,27-C (620 c.p.m., 1.1 wmoles) and 
cholesterol-26-C™ (7100 ¢.p.m., 32 mumoles). 


Substrate BaC¥O3 
c.p.m. 
1287 
Trihydroxycoprostanic 207 


ml 0.02N NaOH 


ml effluent 


Fic. 2. Reversed phase column partition chromatography of 
hydrolyzed extract from incubation of trihydroxycoprostanic 
acid-4-C'* with rat liver mitochondria. ——, titration values; 
---, radioactivity; bar, radioactivity remaining on column. 


tion, 20.1 mg of cholic acid were added as carrier, and the bile 
acids obtained by the usual procedure were subjected to reversed 
phase partition column chromatography with the system 50% 
chloroform in octanol-2 50% methanol in water (Fig. 2). It is 
seen that the radioactivity coincides exactly with the titration 
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Fic. 3. Recovery of radioactive cholic acid and carbon dioxide 
after incubation of trihydroxycoprostanic acid-4,26,27-C* with 
rat liver mitochondria for various time intervals. A 4, 
cholic acid; X——X, BaC'*O;; O——O, total BaCQs. 


peak of cholic acid. The amount of trihydroxycoprostanic 
acid converted to cholie acid was about 270 ug, or 54%. 

The time course of the formation in vitro of cholic acid from 
trihydroxycoprostanic acid is shown in Fig. 3. Incubations 
contained mitochondria from one-third of a rat liver, and other 
additions as usual. Radioactive substrates were 0.05 mg (0.11 
umole) each of trihydroxycoprostanic acid-4-C™ (135 ¢.p.m.) 
and of the -26,27-C" acid (62 ¢.p.m.) per flask. At the end of 
various time intervals, a flask was withdrawn, and 10 mg of 
carrier cholic acid were added. Carbon dioxide was collected 
and determined in the usual way; then each incubation mixture 
was hydrolyzed directly. Subsequent acidification and extrac- 
tion with ethyl acetate yielded bile acids which were subjected 
to partition chromatography as in the previous experiment. 
Since recovery of carrier cholic acid was incomplete, the radio- 
activity eluted from each column was multiplied by an appro- 
priate factor, assuming complete dilution by carrier. 

The production of cholic acid-4-C™ was found to be very rapid 
initially, being appreciable after only 15 minutes’ incubation. 
The amount reached a maximum at about 3 hours, then unac- 
countably decreased. The formation of radioactive carbon 
dioxide, on the other hand, showed an initial lag, then increased 
more slowly to a maximum at 8 hours. The total formation of 
carbon dioxide was, as usual, approximately linear for several 
hours. A further finding was the fact that omission of sodium 
citrate or boiled supernatant fraction had an insignificant effect 
on cholic acid formation. 


DISCUSSION 


Evidence has been presented which supports the hypothesis 
that “primitive’’ C-27 bile acids are important not only in the 
evolution of “modern”’ bile acids, but also in their biosynthesis. 
Thus the pathway of cholesterol metabolism which results in 
the formation of trihydroxycoprostanic acid has been shown by 
these experiments to exist in the alligator, a reptile retaining 
many “primitive” characteristics, including the occurrence of 
C-27 bile acids. Bile acids in both “primitive”? and “modern’’ 
vertebrates, therefore, apparently are formed from similar, if 
not identical, precursors. 

The oxidation of carbons 26 and 27 of cholesterol to carbon 
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dioxide proceeds readily in the presence of rat liver mitochop. 
dria, but is strongly depressed if the trihydroxycoprostanic acid 
is added to the incubation mixture. 
exact mechanism of this inhibition; one possibility, however, 
is that the C-27 acid is an intermediate between cholesterol and 


the C-24 acids, and that the added unlabeled acid is serving as | 
It was, in fact, shown | 
that trihydroxycoprostanic acid-26,27-C™ is a highly effective > 


a trap for the radioactive intermediate. 


substrate for the steroid side chain oxidase system. 


The significance of the production of radioactive carbon diox. | 
ide from the terminal carbons of cholesterol, trihydroxycopros. | 
tane (14, 15), and trihydroxycoprostanie acid is enhanced by 
the finding that the 27-carbon acid is converted directly to} 
A connection has there. } 


cholic acid by rat liver mitochondria. 
fore been established between bile acid formation and catabo. 
lism in vitro of the steroid side chain. 
work of earlier investigators (5, 16), who showed that tritiated > 
trihydroxycoprostanic acid gives rise to cholic acid labeled with | 


tritium in rats with bile fistulas and in whole homogenates of | 


rat liver. 

The quantity of cholic acid formed in these experiments js 
noteworthy. A yield of 270 ug was observed in 8 hours with | 
mitochondria from two-thirds of a rat liver. This is equivalent | 
to a production of 1.2 mg per day of cholic acid. In view of/ 
the probable damaged state of the mitochondria,? this figure} 
compares favorably with the figure of 3 to 4 mg reported (17)) 
as the daily production of bile acids in the intact rat. | 

The fact that trihydroxycoprostanic acid is converted to) 
cholic acid in vitro and in vivo does not prove that it is a normal | 
intermediate in bile acid formation in the mammal. The high — 
yields obtained do, however, argue in favor of its being an inter- > 
mediate. It is demonstrated that the enzymes involved in this 
conversion are present in the mitochondria in sufficient quantity 
to account for the normal rate of bile acid synthesis in the rat. © 

Time course studies of the formation of cholic acid have — 
shown that production of carbon dioxide is not an accurate in-— 
dex of the rate of side chain oxidation. In fact, although the : 
first 2 hours are marked by the most rapid formation of cholic — 
acid, there is little or no production of carbon dioxide from the 
side chain during this period. Unaccountably, the total cholic — 
acid appears to decrease after 3 hours. This result is unex- — 
pected, and indicates possible further metabolism of cholic acid 
in the mitochondrial system. Conjugation is not an explana — 
tion, since the incubation mixtures were subjected to alkaline — 
hydrolysis. 


SUMMARY 


Cholesterol has been shown to be converted to trihydroxy- ; 
coprostanic acid in the alligator. 

Further studies in vitro provide evidence favoring trihydroxy- } 
coprostanic acid as an intermediate in bile acid formation i” 
mammals. This evidence consists of (a) inhibition by the 
C-27 acid of CO. production from cholesterol-26-C™ in the» 
presence of rat liver mitochondria; (b) formation of CO: from — 
trihydroxycoprostanic acid-26,27-C™ in vitro; and (c) formation — 
of high yield of cholic acid-4-C“ from trihydroxycoprostanit 
acid-4-C" in vitro. 

2 Mitochondria are known to deteriorate rapidly under the con- 


ditions used. After several hours, the incubation mixture prob- 
ably contains few, if any, intact mitochondria. 


It is too early to tell the 
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The metabolism of testosterone tn vivo in human subjects under 
various normal and pathological states has been extensively 
studied (1). However, very little work has been done on the 
metabolism in vitro of this substance by human tissues. Wotiz 
and Lemon (2) reported the conversion of testosterone to A*-an- 
drostene-3 ,17-dione by human prostatic slices. Wotiz, Lemon, 
and Voulgaropoulos (3) also studied the conversion in vitro of 
testosterone to At-androstene-3 , 17-dione by various other malig- 
nant and nonmalignant tissues. Other studies of a limited na- 
ture (4) demonstrated that human liver contained enzymes which 
acted upon the a,8 unsaturation of testosterone and 17a-methyl- 
testosterone. It was felt that a fresh approach utilizing isotopi- 
cally labeled testosterone at physiological levels would yield more 
information concerning the fate of testosterone in human tissues 
in vitro. 

In this investigation as a starting point, human liver was se- 
lected since it has been well established that this organ plays a 
major role in the metabolism of the steroid hormones. 4-C"- 
Testosterone was incubated with a homogenate of a human liver 
biopsy sample and, by means of isotope dilution techniques, five 
products, in addition to starting material, were characterized. 


EXPERIMENTAL PROCEDURE 


Fresh liver tissue (0.25 g) was obtained at surgery from a 
white 45-year-old woman who had undergone transverse colec- 
tomy for adenocarcinoma of the colon.!. The tissue was homog- 
enized in 2.5 ml of solution containing 100 umoles of potassium 
phosphate buffer, pH 7.0, 80 umoles of nicotinamide, and 25 
pmoles of ethylenediaminetetraacetic acid. To the homogenate 
were added 1.64 umoles of TPN, 13.8 umoles of glucose 6-phos- 
phate, 11.4 K units of glucose 6-phosphate dehydrogenase, and 
4 uc of 4-C'4-testosterone; the mixture was incubated at 36° in 
air for 13 hours in a Dubnoff metabolic shaker. The reaction 
was stopped by the addition of 10 ml of acetone. . 

The mixture was extracted three times with 20 ml of acetone, 
two times with 30 ml of chloroform-methanol (1:4), and concen- 
trated to dryness. Recovered counts at this point were 3.2 X 
10° c.p.m.; no correction was made for self-absorption. The 
dried extract was suspended in 10 ml of 90% methanol in hexane 


* Supported in part by United States Public Health Service 
Grant No. A-2672 and United States Public Health Service Train- 
ing Grant CRTY-5001. 

+t United States Public Health Service Trainee; present address, 
Polyclinic of Athens, Greece. 

t United States Public Health Service Trainee. 

1 We are indebted to Dr. George C. Dunlop for making the tissue 
available to us. 
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and a four transfer partition was performed between 10 ml of 90% 
methanol in hexane. The methanol fractions were pooled, dried, 
then resuspended in 10 ml] of benzene, and partitioned with 10 
ml of 1 N NaOH three times. The benzene fraction was washed 
with water to neutrality, dried over sodium sulfate, and con- 
centrated to dryness. The total neutral fraction containing 33 
< 10° ¢.p.m. was separated by the Girard procedure into ketonie 
(1.80 10% ¢.p.m.) and nonketonic (1.54 10° ¢.p.m.) fractions. 


Identification of Metabolites in Ketonic Fraction 


From the ketonic fraction an aliquot containing 1.8 x 10: 
c.p.m. was taken and chromatographed on a 2-cm paper strip in 
the ligroin-propylene glycol svstem for 24 hours. The overflow 
was collected. The dried paper was scanned? and yielded two 
radioactive peaks, one of which corresponded to testosterone and 
one which consisted of more polar material which remained at 
the origin. No attempt was made to characterize this latter 
peak. 

The overflow was rechromatographed on a 1-cm strip in the 
ligroin-propylene glycol system for 6 hours. The dried paper 
chromatogram was scanned and yielded one large peak which 
corresponded to A*androstene-3,17-dione. The zone was 
eluted and appropriate aliquots were planchetted and counted in 
a windowless gas flow counter. This zone contained a total of 
24,028 c.p.m. After the addition of 35 mg of carrier A*andro- 
stene-3 ,17-dione, the material was recrystallized several times to 
constant specific activity. 
radiochemical purity, the dioxime was formed according to the 
method of Butenandt and Kudszuz (5). 


ting point determination. In going from the free compound to 


the dioxime, the following changes in the infrared spectrum were 


noted: the appearance of a strong band near 3.0 uw (hydroxy! 
vibrations), the disappearance of the prominent cyclopentyl 
carbonyl (17-keto group), and conjugated carbonyl (A‘-3-keto 
group) vibrations. Upon crystallization, this derivative yielded 
the calculated specific activity which remained constant after 
two further crystallizations. The results are summarized in 
Table I. 


Identification of Metabolites in Nonketonic Fraction 


The nonketonic fraction (1.54 x 10° ¢.p.m.) was chromato” 
graphed on a 2-cm strip of paper in the ligroin-propylene glyco © 


2 Paper chromatograms were scanned for radioactivity witha 
411 scanner, Scanogram II, model RSC-160 Atomic Accessories, 
Inc. 


To further establish identity and 


The successful forma- 
tion of the dioxime was established by infrared analysis and melt- | 
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system for 24 hours and an overflow was collected. The strip 
was dried and scanned. Two major peaks were detected, one 
of which corresponded to the starting material testosterone and 
another more polar zone which remained near the origin. These 
were eluted with methanol-methylene dichloride (1:1) and the 
more polar zone rechromatographed in the cyclohexane-benzene 
(1:1)-propylene glycol system (6). Upon scanning the chro- 
matogram, two radioactive peaks were detected. The more 
polar zone corresponded to etiocholane-3a ,178-diol in mobility 
and the other corresponded to androstane-3a,178-diol. The 
standard diols were localized on paper by the method of Kupfer 
et al. (7) which consisted essentially of oxidizing the paper strip 
with chromic acid followed by application of the Zimmermann 
reagent. Both zones were eluted and rechromatographed in the 
same system. After the second chromatography, the respective 
peaks were eluted and the total C™ counts in each determined. 
The peak corresponding to etiocholane-3a,176-diol contained 
32,682 c.p.m. and the one corresponding to androstane-3a , 17B- 
diol, 15,000 c.p.m. To establish positive identification, carrier 
etiocholane-3a ,178-diol was added to etiocholane-3a@ ,178-diol 
zone, and carrier androstane-3a ,178-diol was added to andros- 
tane-3a ,178-diol zone, and each was recrystallized three times 
to constant specific activity. To further establish identification 
and radiochemical purity, the diluted material was acetylated 
and recrystallized to yield the calculated specific activity which 
remained constant through several recrystallizations. This was 
followed by saponification after which the free diols were re- 
crystallized to constant specific activity. Infrared analysis and 
melting point determinations were made to establish complete 
acetylation and subsequent hydrolysis of the acetates. Acetyla- 
tion of the diols resulted in the disappearance of the prominent 
3.0 u absorption (hydroxyl vibrations), appearance of the strong 
ester carbony! absorption near 5.75 yw, and appearance of a band 
of equal intensity near 8.0 uw caused by the presence of acetate 
groups. Throughout all these procedures no significant devia- 
tion from the expected specific activities was observed. The 
results are summarized in Table IT. 

It was noted in the etiocholane-3a.178-diol zone after the 
first crystallization that the specific activity dropped approxi- 
mately 50%, suggesting the possibility of another component 
being present which might be androstane-38 ,178-diol. Accord- 
ingly, carrier androstane-38 ,178-diol was added to the mother 
liquor from the first crystallization, then treated with digitonin, 


TABLE I 
Identification of A*-androstene-3 ,17-dione 


Identification of A‘-androstene-3,17-dione by isotope dilution 
(35 mg of carrier added to 24,028 c.p.m.). 


Calculated Observed 
Sample specific specific ‘Melting point 
activity activity 
c.p.m./mg 
Free compound 
Ist Crystallization. ....... 685 735 173-175 
2nd Crystallization......... 659 
3rd Crystallization......... 656 174 
Dioxime 
Ist Crystallization........ 595 583 142-146 
2nd Crystallization......... 570 
3rd Crystallization......... 564 144-145 
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TABLE II 


Identification of androstane-3a,178-diol, etiocholane-3a,178-diol, 
and androstane-38 ,17B-diol by isotope dilution technique 


Free compound Diacetate Saponified product 
specific specific — specific specific 
activity activity y activity activity 
c.p.m./mg c.p.m./mg c.p.m./mg 
Androstane-3a, - | 
178-diol 
Ist Crystalliza- 
tion.........| 424 360 285 282 373 
2nd_ Crystalli- 
zation........ 373 268 370 
3rd Crystalliza- 
ee 368 274 375 
Etiocholane-3a, - 
17B-diol 
[st Crystalliza- 
tion.........} 803 460 348 367 433 
2nd Crystalli- 
zation........ 448 354 438 
3rd Crystalliza- 
ek 450 350 435 
Androstane-38, - 
178-diol 
Ist Crystalliza- 
642 420 581 
2nd _ Crystalli- 
zation........ 640 452 594 
3rd Crystalliza- 
608 460 624 
TaBLeE III 


Identification of 


Identification of 4*:!6-androstadiene-3-one by isotope dilution 
technique (14 mg of carrier added to 4315 c.p.m.). 


Calculated Observed 
Sample specific specific Melting point 
activity activity 
c.p.m./mg 
Free compound 
Ist Crystallization... ... 308 285 133-136 
2nd Crystallization....... 262 133-135 
3rd Crystallization....... 295 133-136 
Oxime 
lst Crystallization...... 290 233 143-145 
2nd Crystallization....... 265 
3rd Crystallization....... 258 142-144 
2,4-Dinitrophenylhydra- 
zone 
lst Crystallization. ..... 183 130 172-176 
2nd Crystallization....... 126 173-176 
3rd Crystallization....... 133 173-176 


and separated into a 8 fraction and an q@ fraction. After dis- 
solution of the digitonide complexes and initial purification by 
extraction, the respective fractions were recrystallized to con- 
stant specific activity. The specific activity of the a fraction 


was the same as that observed initially for the diluted etiocho- 
lane-3a , 178-diol. 


Androstane-38 ,178-diol obtained from the 
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G-fraction was acetylated and, after several crystallizations, the 
expected specific activity was maintained, as was the case after 
hydrolysis of the acetate after several recrystallizations. The 
results are also summarized in Table II. 

The overflow from the chromatography of the nonketonic 
fractions was rechromatographed on a 1-cm strip in the ligroin- 
propylene glycol system for 6 hours. Androstane-3 ,17-dione 
and A‘-androstene-3 ,17-dione were run simultaneously as stand- 
ards. Upon seanning, two radioactive zones were detected, 
both of which were less polar than androstane-3,17-dione. It 
was suspected that these two zones might well be mono-oxygen- 
ated Cy, compounds since such compounds have been isolated 
as normal human urinary metabolites (8-10) and also from hog 
testes (11). These zones were eluted and rechromatographed 
with A‘*!*-androstadien-3-one and A!*-androstene-38-ol as stand- 
ards. The faster moving zone corresponded precisely to the 
A‘*16_dieneone in mobility whereas the slower moving zone did 
not correspond to either standard. Both zones were eluted and, 
to the faster moving zone carrier, A‘,!*-androstadien-3-one was 
added. This was recrystallized to constant specific activity. 
To further establish identity and radiochemical purity, the oxime 
was formed according to the method of Butenandt and Kudszus 
(5). As in the case of At-androstene-3 ,17-dione, the formation 
of derivatives was verified by infrared analysis as well as by 
melting point determination. Although the specific activity of 
the A‘,!*androstadien-3-one oxime dropped nearly 20% from 
that calculated, it remained constant throughout subsequent 
crystallizations. Additional proof was obtained by the forma- 
tion of the 2,4-dinitrophenylhydrazone (12). This derivative 
showed a similar drop in specific activity after the first crystalli- 
zation as in the case of the oxime. The specific activity, how- 
ever, remained constant after two further crystallizations. ~The 
results are summarized in Table III. 


DISCUSSION 


The foregoing results show a rather unusual pattern for the 
metabolism in vitro of testosterone in liver tissue. First, and 
most striking, was the observation of the conversion to the mono- 
oxygenated Cig compound, A*!*-androstadien-3-one, which 
suggests that liver tissue does possess enzyme systems which 
ean affect this dehydration. Although such compounds have 
been previously isolated from natural sources, such a conversion 
has never been demonstrated by a system in vitro. Secondly, 
the ring A-reduced products were practically all diols—no evi- 
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dence was obtained for the presence of the commonly established _ 
metabolites androsterone and etiocholanolone, at least not in | 
detectable amounts. This cannot be attributed to the lack of | 


178-hydroxy steroid dehydrogenases in this preparation since | 
considerable amounts of A‘-androstene-3 ,17-dione were formed, | 


It could well be that the A‘-hydrogenases of human liver show a 
preference for 176-hydroxy steroids as compared to the 17-keto- 
steroids. 


polar metabolites. 


SUMMARY 


1. Incubation of 4-C'4-testosterone with a homogenate of 4 
human liver biopsy sample resulted in the isolation and identif- 
cation by means of the isotope dilution technique of five me- 
tabolites. These were A‘-androstene-3,17-dione, etiocholane. 
3a,178-diol, androstane-3a,178-diol, androstane-36-176-diol, 
and A‘16androstadien-3-one. 

2. This is the first reported instance of the conversion of 
testosterone to A*!®-androstadien-3-one by a system in vitro. 

3. The ring A-reduced products isolated and identified were 
all diols; no 17-ketosteroids were detected. This suggests that 
the A‘-hydrogenases of human liver show a preference for 178. 
hydroxy steroids as compared to 17-ketosteroids. 
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In a preliminary communication earlier this year (1) we re- 
ported the transformation of 20a-hydroxycholesterol-22-C™ to 
isocaproic acid-C"* in a yield of 15 to 20% by a supernatant frac- 
tion of bovine adrenal homogenate. Under identical conditions 
cholesterol-26-C™ was converted to the same acid to the extent of 
0.8%. The more ready cleavage of the hydroxylated cholesterol 
by the tissue preparation was interpreted as strong evidence for 
the intermediacy of this substance in the biosynthetic step leading 
from cholesterol to the C2; steroids. 

Further experiments have now been completed with the super- 
natant fraction of adrenal homogenate with the use of 20a-hy- 
droxycholesterol-22-C" and 20a-hydroxycholesterol-7-H®. Preg- 
nenolone-H?, progesterone-H', and a small amount of more polar 
steroids have been identified, the yield of the C2 steroids being 
comparable to the yield of isocaproic acid determined simulta- 
neously. 

The formation of isocaproic acid-C" from 20a-hydroxycholes- 
terol-22-C™ was confirmed in all tissues known to produce steroid 
hormones, whereas a liver homogenate preparation produced 
neither steam volatile acid-C' nor C“O, from 20a-hydroxycho- 
lesterol-22-C", 

While analyzing the metabolites of 20a-hydroxycholesterol 
after incubation with the adrenal supernatant, the formation was 
noted of a compound X which appeared to have an intact side 
chain and was slightly less polar than deoxycorticosterone. 
Compound X, when incubated with adrenal supernatant, pro- 
duced isocaproic acid as well as pregnenolone. The yield of 
isocaproic acid was 2 to 4 times higher than that observed from 
20a-hydroxycholesterol incubated at the same time. 


EXPERIMENTAL PROCEDURE 


Radioactive 20a-Hydrozycholesterols—These compounds were 
prepared according to Petrow and Stuart-Webb (2). The C;- 
H*-labeled compound was synthesized from pregnenolone-7-H? 
and nonlabeled isohexyl bromide, and the Cz-C'-labeled com- 
pound from nonlabeled pregnenolone and isohexy] bromide-1-C". 
The compounds melted at 137-8° and their acetates at 158-—9°. 
Both radioactive compounds showed only one radioactive peak 
which coincided with authentic 20a-hydroxycholesterol, when 
chromatographed on paper in the phenyl Cellosolve-heptane 
system of Neher and Wettstein (3). 20a-Hydroxycholesterol- 
22-C was found to contain 2.3 x 10° c.p.m. per mg and 20a- 
hydroxycholesterol-7-H®, 2.2 10° c.p.m. per mg. Both radio- 
active compounds were stored in benzene solution at 3°. 

*This work was supported in part by United States Public 


Health Service Grants A-2672 and A-3419 and Atomic Energy 
Commission Contract AT(30-1)-918. 


Counting of Radioactive Materials—Unless otherwise indicated, 
the radioactivity of compounds was measured in a Packard Tri- 
Carb liquid scintillation spectrometer, which affords the dis- 
crimination of C™ and H? (c.p.m. H* = c¢.p.m. reading at 1145 
volts — } ¢.p.m. 840 volts; c.p.m. C“ = e.p.m. reading at 840 
volts —77p ¢.p.m. 1145 volts). The material being counted was 
taken up in 15 ml of a scintillation fluid of toluene containing 
0.4% 3,5-diphenyloxazole and 0.01% 1,4-bis-2(5-phenyloxa- 
zolyl)-benzene and brought to the temperature of the counting 
chamber before analysis. 

Incubations—In a typical experiment, 5 ml of a benzene solu- 
tion containing 20a-hydroxycholesterol-C" , H? (3.4 105 c¢.p.m. 
of C“ and 5.24 X 10° c¢.p.m. of H*) and 2 mg each of pregnenolone 
and progesterone were mixed with 0.6 ml of propylene glycol in 
an Erlenmeyer flask and the flask warmed in a water bath to 
evaporate the benzene with the aid of a stream of nitrogen. The 
remaining solution was diluted with a small amount of chloroform 
and the chloroform removed by the same procedure, thus leaving 
a solution of the radioactive 20a-hydroxycholesterol in propylene 
glycol. 

Fresh bovine adrenal cortical tissue was homogenized in a 
tightly fitting glass homogenizer with 2.5 volumes of 0.3 M sucrose 
at 3°. The material was strained through gauze and centrifuged 
at 100,000 x g for 40 minutes. The supernatant thus obtained 
(30 ml) was added to the Erlenmeyer flask containing the radio- 
active 20a-hydroxycholesterol in propylene glycol, and the mix- 
ture well shaken. Then 15 ml of 0.3 m Tris buffer (pH 8.3) and 
cofactors were added to give the following final concentrations in 
a total volume of 48 ml: DPN, 0.002 m; ATP, 0.002 m; MgCl, 
0.02 m. The mixture was incubated in a Dubnoff metabolic 
shaking apparatus at 37° for 1 hour in air. 

After the incubation, 200 ml of absolute ethanol were added. 
After standing overnight at room temperature, the mixture was 
filtered and the precipitate washed twice with 20 ml of absolute 
ethanol. The filtrate and the washings were combined and 
evaporated under reduced pressure to a small volume. To the 
residue, 20 ml of 1% sodium bicarbonate solution were added, 
and the mixture was concentrated with the aid of a stream of 
nitrogen and slight warming until the smell of ethanol had disap- 
peared. The residue, after addition of 30 ml of water, was ex- 
tracted four times with 50-ml portions of ethyl acetate. The 
extracts were combined, washed once with 1% sodium bicarbon- 
ate, twice with water, dried over anhydrous sodium sulfate and 
evaporated to dryness. This residue was dissolved in a small 
volume of acetone and chromatographed on a 15-em wide paper 
strip (Whatman No. 1) in the ligroin-propylene glycol system (4) 
for 43 hours. The paper, after being dried at room temperature, 
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was cut into five equal strips and scanned for radioactivity with a 
chromatogram scanner (Atomic Accessories, Inc.). 

Work Up of Incubations with Compound X—The incubation 
mixtures were treated essentially as described above with the use 
of 10 ml of ethanol to precipitate proteins, and 2 ml to wash the 
sediment after centrifugation. To the combined supernatants 
was added 0.5 ml of 1% sodium bicarbonate, and the solution 
was concentrated. Water (7.5 ml) was then added, and an ex- 
traction twice with 10 ml of ethyl acetate and once with 10 ml 
of ether was carried out. 
chromatographed on paper, and the aqueous layer used in the 
determination of isocaproic acid-C™. 


RESULTS 


Analysis of Metabolites—Fig. 1 shows a typical scanning record 
of products from an incubation of 20a-hydroxycholesterol-C™ , H® 
supplemented with pregnenolone alone or a mixture of pregneno- 
lone and progesterone. Incubations carried out in the absence of 
these trapping agents resulted in no detectable pregnenolone. 

Although the relative height of the radioactive peaks varied 


Fig. 1. Seanning record of 20a-hydroxycholesterol incubation. 
Upper curve: fine scale. Lower curve: coarse scale. 


TABLE I 
Identification of pregnenolone-H? 


Compound | recrystal | Melting point | Radioactivity 

| | | mg c.p.m./mM 

Pregnenolone- | 1 | 188-189 4544 | 143 X 104 
Hé 2 ~—*188-189 «16.9 4508 | 142 X 10% 
3 188-189 8.3 | 4536 | 143 x 104 

Pregnenolone 1 | 148 | 12.7 | 3783 | 135 x 104 
acetate-H** ie 148 9.2 | 3907 140 X 104 
3 148 5.6 | 3922 | 140 x 104 

4 148 3.5 | 4008 | 143 X 104 


* The third recrystallized pregnenolone and mother liquors 
were combined and acetylated. 


TaB_eE II 
Identification of progesterone-H$ 


No. tal- | Weight of material | Melting point 
mg | c.p.m./mg 
1 10.2 128-129 473 
2 6.3 128-129 497 
3 3.6 128-129 485 
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The organic layer was subsequently 
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from incubation to incubation, all records showed three main 
peaks which are designated as /, 77, and /J7. When the paper 
chromatograms were examined under ultraviolet light, two ab- 
sorbing areas were always observed. These are designated as 
UV. A (weak) and UV. B (intense). For the identification of 
metabolic products, combined areas from chromatograms of 
several incubations were utilized when material from a single run 
proved inadequate. 

20a-H ydroxycholesterol-C™ , H*—The radioactive area IIT (Fig, 
1) coincided in polarity with that of 20a-hydroxycholesterol, and 
the extract from this area was found to contain H* and C™ in the 
same ratio as the substrate 20a-hydroxycholesterol-C", Hi 
Nonincubated substrate controls processed simultaneously also 
showed only this single peak. Further identification of this areg 
was not carried out. 

Pregnenolone-H*—The radioactive peak J] (Fig. 1) coincided 
with the position of pregnenolone. A chloroform extract of this 
area was washed three times with water, dried over anhydrous 
sodium sulfate, and evaporated. The remaining crystalline 
residue contained 155,000 ¢.p.m. of H*® and 2500 c.p.m. of C4 
About 25 mg of carrier pregnenolone were added to make the total 
amount of the mixture 32.3 mg. This was recrystallized three 
times from different solvents, and later acetylated and again re- 
crystallized three times. Neither pregnenolone nor its acetate 
contained C4. Specific activities of these compounds are pre- 
sented in Table I. Simple calculation of the data in Table | 
shows that out of a total of 155,000 c.p.m. of H* contained in peak 
IT, most of this radioactivity (146,500 c.p.m) was contained in 
pregnenolone-H?’. 

Progesterone-H*—The position of UV. B on the chromatogram 
coincided with that of progesterone. The chloroform extract of 
this area was treated as above, the residue being rechromato- 


graphed on paper in the ligroin-propylene glycol system (4) for 


43 hours. The residue obtained by extracting the ultraviolet 
absorbing area of this chromatogram with chloroform contained 
6842 c.p.m. of H® and 262 ¢.p.m. of C™. Carrier progesterone 
(12.8 mg) was added, and the material recrystallized three times 
from aqueous ethanol. The results are shown in Table II. 
Simple calculation of the data in Table II tells us that at least 
90% of the H? contained in the second extract was accountable as 
progesterone-H?. 

Deoxycorticosterone—UV. A was extracted with chloroform, 
and the residue thereafter obtained was chromatographed on 
paper against standard deoxycorticosterone in the ligroin-propyl- 
ene glycol system (4). The mobility of this compound and the 
violet color obtained with blue tetrazolium were identical to those 
of the standard compound. The eluate from the area contained 
only a small percentage of radioactivity, and further identification 
was not pursued. The appearance of deoxycorticosterone in 
these incubations is not unexpected, since 21-hydroxylation of 
progesterone has been shown to occur under these conditions (5). 

Compound X—The radioactive area I was eluted as described 
above and rechromatographed in the ligroin-propylene glycol 
system (4). The paper was then scanned for radioactivity. One 
large and one small radioactive peak were found (Fig. 2). The 
area of the paper which coincided with the large peak (J) was 
extracted with chloroform. The residue obtained was chro- 
matographed on a 1-g silica gel column to remove traces of im- 
purities. The material was placed on the column in a small 
volume of benzene, and the column eluted successively with 3 ml 
each of benzene-ethyl acetate mixtures (9:1, 8:2, 7:3, 6:4, 5:9, 
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4:6, 3:7, 2:8, and 1:9). After a check of the radioactivity of 
each cut, fractions, 7:3, 6:4, and 5:5, were combined and evapo- 
rated under nitrogen to dryness. The residue contained H? and 
Cin exactly the same ratio as that of the substrate 20a-hydroxy- 
cholesterol-C™ , (Table ITI). 

When this residue was dissolved in ethanol together with car- 
rier 20a-hydroxycholesterol and treated with digitonin, about 
70% of the radioactivity was precipitated with the carrier 20a- 
hydroxycholesterol, and 30% remained in solution. Paper 
chromatograms of the decomposed precipitate and material 
extracted from the clear supernatant were found to be identical 
insofar as the H® to C'* ratio, the position and symmetry of the 
radioactive peaks were concerned. No radioactivity was asso- 
ciated with the 20a-hydroxycholesterol recovered. These char- 
acteristics indicated that a single compound was most likely 
contained in peak J, and the designation of compound X was thus 
given to this substance. Because of the relative polarity of this 
material, it was suspected that its structure was that of 20a- 
hydroxycholesterol plus an additional keto group. Further 
studies with this compound are described in another part of this 
report. 

In the course of purifying compound X, it was noticed that 
when paper chromatograms containing this substance were hung 
in air, succeeding paper chromatograms were contaminated with 
a more polar material. The amount of this impurity increased 
in proportion to the time of exposure to air. This polar impurity 
contained both C' and H# and was suspected to be an autoxida- 
tion product of compound X. The small radioactive peak in 
Fig. 2 near the starting line indicates this substance. To avoid 
the formation of this impurity, papers were henceforth dried for 
20 minutes in air on removal from chromatographic tanks and 
then overnight in a vacuum desiccator. The formation of the 
impurity was thus minimized, although traces of it could not be 
avoided. 

Yields of Isocaproic Acid-C* and Steroids—An incubation was 
carried out as described previously using 20a-hydroxycholes- 
terol-C'4, H? (3.4 105 c¢.p.m. Cand 5.24 x 105 ¢.p.m. H?) ina 
total volume of 48 ml. After incubation, a } aliquot was re- 
moved for a measure of the yield of isocaproic acid-C’* (1); 14,216 
c.p.m. of steam volatile acid-C™ were obtained, representing a 
yield of 21%. 

Another } aliquot was analyzed for steroids on a paper chro- 
matogram such as Fig. 1. The results are shown in Table IV. 
The yield of Ca; steroids was about 14%, somewhat less than the 
21% observed for isocaproic acid, though still within a reasonable 
experimental range. The discrepancy may be due to various 
factors, such as the recovery of steroids from incubates, which is 
frequently in the range of 80%, the manipulations during paper 
chromatography and elution, and the counting procedure itself. 
In this instance, the areas containing steroids were eluted three 
times with 20-ml portions of chloroform, for 15 minutes each, the 
combined elutions washed with water, dried, and evaporated. 
The residue was taken up in scintillation fluid, transferred to a 
vial, and counted. Any quenching due to impurities was not 
taken into consideration. 

Cleavage of 20a-Hydroxycholesterol-22-C'4 by Other Tissues— 
Results of the examination for the enzymatic activity in rat testis 
whole homogenate, human term placenta homogenates, and rat 
liver whole homogenate are presented in Table V. Conditions 
similar to those employed for adrenal supernatant were used, the 
index of activity being the percentage of isocaproic acid-C™ 
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FIGURE 2 
Fig. 2. Scanning record of compound X-C“,H*, Upper curve 
fine scale. Lower curve: coarse scale. 
TABLE III 
Purification of compound X-C™, H3 
E f kI iM i le 
C" (c.p.m.).... 10 ,222 4500 3.4 X 105 
H? (e.p.m.)..... 16 , 786 6935 5.24 X 105 
Ratio of H’ to 
1.64 1.54 1.54 
TABLE IV 
Yield of Cx steroids 
Total radioactivity Compounds 
containing H? 
Starting line through peak J 
1,398 3,694 1,540 
13.85 


*z = c.p.m. of and y = c.p.m. of H®. Compounds contain- 
ing only H* = y — 1.54 =. 

t The area between peak JJ and UV. B was not counted. 

t Radioactivity of products/104,700 (total H* incubated) x 


100. 


found. In each instance the identity of the acid was substanti- 
ated by paper chromatography (6) with carrier isocaproic acid. 
In all tissues except liver some degree of conversion was noted. 
Experiments with cow ovaries are being pursued by Tamaoki! 
of this institute who reports a similar yield of isocaproic acid-C"™ 
produced by this tissue. 

Since rat liver homogenate yielded no steam volatile C™“ prod- 


1B. Tamaoki, personal communication. 
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TABLE V 
Cleavage of 20a-hydroxycholesterol-C'* by other tissues 

Tissues were homogenized with 2.5 volumes of 0.3 M sucrose. 
Incubations were carried out in a Dubnoff metabolic shaker at 
37° for 1 hourinair. The flask contained 5 ml of homogenate, 2.5 
ml of 0.3 m Tris buffer (pH 8.3), 20a-hydroxycholesterol-22-C'* 
(68,000 c.p.m.) in 0.1 ml of propylene glycol, DPN 0.002 m, ATP 
0.002 m, MgCl. 0.02 Mm, in a total volume of 8 ml. Steam volatile 
acid-C'4 was determined as described previously (1). The figures 
given are corrected for negligible amounts of radioactivity de- 
tected in the steam volatile acid formation of nonincubated con- 
trols. 


Tissue homogenates Isocaproic acid-C'# Yield 
| c.p.m. % 
Rat testis. . a 2957 4.4 
| 3339 4.9 
Human placenta............. | 2289 3.4 
| 0 0 
TaB_Le VI 


Yield of tsocaproic acid-C'* from compound X 


Steam volatile acid 


Incubated C!4 


| Activity Yield 
c.p.m. c.p.m. % 
20a-Hydroxycholesterol...... | 7,616 | | 
| 7,486 | 898 | 11.9 
TABLE VII 
Formation of pregnenolone-H?® from compound X 
No. of | | 
Weight of fi 
Compound | cot | Melting point | activity 
| meg | c.p.m./mg 
Pregnenolone ace- 1 5.0 148 63 
tate 2 2.9 148 | 65 
3 Ter 148 | 62 


uct, the possibility of a further oxidation of the acid to CO2 was 
investigated. Thus the formation of any CO, during the incu- 
bation of 20a-hydroxycholesterol-22-C™ with liver homogenate 
was measured, a boiled liver homogenate preparation being used 
as a control. Trapped CO, was measured as sodium carbonate 
with a gas flow counter. In the experimental run, 14 c.p.m. of 
radioactivity were detected and in the control, 18 c.p.m. These 
results show that liver homogenate is unable to cleave 20a-hy- 
droxycholesterol between C-20 and C-22, and that this desmolase 
activity appears exclusive in tissues known to produce steroid 
hormones. 

Studies with Compound X—Of interest and value was the inci- 
dental finding that compound X was seen to accumulate during 
incubations of 20a-hydroxycholesterol with our adrenal super- 
natant system, when relatively large amounts of carrier pregnen- 
olone were present. By the use of this device, about 10,000 
c.p.m. of the material were eventually stock-piled for further 
experimentation. 

Parallel incubations using compound X and 20a-hydroxycho- 
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lesterol were carried out with 0.5 ml of adrenal supernatant and ~ 
other additives were the same as those described previously, — 
employed here in amounts corresponding to the quantity of tissue _ 


50 wg of carrier pregnenolone in a total volume of 0.8 ml. 


preparation used. The amounts of substrates added were 7486 
c.p.m. of compound and 7616 c.p.m. of 20a-hydroxy. 
cholesterol-C™, H?, both radioactivities being referred to C", 


Results from the experiment are presented in Table VI. The 


yield of isocaproic acid-C™ was higher from compound X than 
from 20a-hydroxycholesterol. Scanning records of steroidal ma. 
terials obtained are shown in Fig. 3. Whereas the residue from © 
20a-hydroxycholesterol incubation showed only one radioactive | 
peak, that of the starting material, and no discernible peak for 
pregnenolone, the material from the compound X incubation 
showed two small radioactive peaks in addition to the large peak 
of compound X. The less polar peak coincided with the position 
of pregnenolone. The area was extracted accordingly and the 
residue, together with 9 mg of carrier pregnenolone, was dis. 
solved in a small volume. of benzene, and the solution was chro. 
matographed on 1 g of silica gel. The fraction eluted with ben. | 


zene-ethyl] acetate, 8:2, was evaporated to dryness and acetylated 
at room temperature overnight. The acetylated product con — 
tained no C#, and the specific activity of the compound remained — 
unchanged after several recrystallizations, as shown in Table VII. 
These results show that pregnenolone is a cleavage product of 
compound X. 

To confirm the production of isocaproic acid-C™ from con- 
pound X and to compare the yield with that from 20a-hydroxy- 
cholesterol, a second incubation was carried out under identical 
conditions as the first with 0.5 ml of supernatant and 50 ug of 
carrier pregnenolone. In this instance, the steam distillate was 
trapped in 3 ml of 1% sodium bicarbonate, After the addition of 
carrier isocaproic acid (calculated to give 7.3 mg of the p-bro- 
mophenacyl ester), p-bromophenacy] isocaproate was prepared 
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Fig. 3. Scanning record of compound X-C"*, H* incubation. | 
Upper curve: Incubation of 
Lower curve: Incubation of compound X-C", H?. 


TaBLeE VIII 
Formation of Isocaproic Acid-C' from Compound X 


Specific 
Incubated activity of 
| ester 


8-Bromophenacy] isoca- 
proate-C!* derived after in- 
cubations of compounds 


Calculated yield of 
isocaproic acid-C* 


c.p.m  c.p.m./mg c.p.m. % 
20a-Hydroxycholes- | 
terol-C'%,H*...... 2132 | 13 94 4.4 
Compound X-C", H?. 2000 | 50 367 18.4 
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from this solution. The specific activity of the twice recrystal- 
lized sample (m.p. 77-78°) and the yield of isocaproic acid-C™ are 
presented in Tabie VIII. 

It is not clear why the yield of isocaproic acid from 20a-hy- 
droxycholesterol in these incubations is low as compared to those 
from previous runs. Perhaps the somewhat larger concentration 
of carrier pregnenolone or the smaller incubation volumes used 
imposed some inhibitory influence on the reaction. It should 
nonetheless be noted that the yield of isocaproic acid-C™ was 
much higher from compound X than from 20a-hydroxycholes- 
terol. Further investigation of the structure of compound X is 
now in progress. 


DISCUSSION 


The primary influence in the choice of tissue systems for the 
demonstration of the conversion of 20a-hydroxycholesterol and 
cholesterol to isocaproic acid and C2; steroids were the publica- 
tions of Lynn et al. (7) and Staple et al. (8). These workers 
showed the transformation to occur in the presence of enzymes in 
adrenal homogenate supernatant with additions of ATP, DPN, 
and Mgtt, at a pH of 8.3. Duplication of these conditions in 
our experiments yielded results which indeed confirmed findings 
in the case of cholesterol and further showed that the 20a-hy- 
droxylated cholesterol analogue was transformed in a yield some 
90-fold greater in magnitude (1). No attempts have been made 
in subsequent experiments, other than to shorten incubation 
time, to achieve a more nearly optimal incubation system, as this 
problem is now in the hands of Halkerston of this institute, who 
in the past year has elucidated the criteria in vitro of cholesterol 
conversion to pregnenolone in adrenal mitochondrial preparations 
9, 10). 
, Some speculation as to the nature of compound X is permissi- 
ble. The most logical conclusion from the data at hand is that 
this substance is 20a-hydroxy-22-ketocholesterol. The fact that 
it is 2 to 4 times more readily cleaved to isocaproic acid and preg- 
nenolone than 20a-hydroxycholesterol would place it in an inter- 
mediary position in the biochemical sequence as illustrated: 


Cholesterol — 20a-hydroxycholesterol — 
(20a ,22¢-dihydroxycholesterol) — compound X (20a- 
hydroxy-22-ketocholesterol) — pregnenolone + isocaproic acid 


The immediate precursor of compound _X is probably the 20a, - 
22¢-dihydroxylated derivative, which could arise from the en- 
zymatic hydroxylation of 20a-hydroxycholesterol. Subsequent 
dehydrogenation would yield the 22-keto structure. The limiting 
step in the over-all sequence as observed in these experiments, 
and as one might predict, is the C-20-22 desmolase activity; 
hence the accumulation of compound X. The cleavage of the 
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OH O 


—C—C—-grouping is a reaction well established in steroid bio- 


chemistry as exemplified by the degradation of C2, to Cis steroids. 

The above scheme may well represent the major pathway of 
the biosynthesis of C2, steroids from cholesterol. The possibil- 
ity of oxygenation at C-22 preceding 20a-hydroxylation is con- 
sidered in the experiments of Solomon e¢ al. (11), who were able 
to trap 208-hydroxycholesterol-C™ (recently redesignated as 
20a- (12)), but not the 22-keto derivative nor either of the 22- 


_ hydroxylated isomers of cholesterol after the incubation of cow 


adrenal homogenates with cholesterol-C%. These results 
weaken, though do not necessarily exclude, the possibility of 
the 22-oxy compounds as obligatory intermediates in the se- 
quence. 


SUMMARY 


1. In an incubation of 20a-hydroxycholesterol with bovine 
adrenal supernatant, the formation of pregnenolone, progester- 
one, and a compound X has been demonstrated. The yield of 
C2; steroids is comparable to the yield of isocaproic acid. 

2. On further incubation with adrenal supernatant, compound 
X was transformed to pregnenolone and isocaproic acid. The 
yield of the latter from compound X was significantly higher 
than that from 20a-hydroxycholesterol incubated simultaneously. 

3. The enzymatic activity is present in rat testis and human 
term placenta, but not rat liver. 
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The use of tritium-labeled steroid hormones for studies of 
metabolism in man is relatively safe in view of the low radiation 
energy of this radioisotope, and for this reason progesterone-16- 
H? was synthesized by Pearlman (1) and its metabolism studied 
in women (2, 3). The procedures employed in this synthesis led 
to a product of unusually high specific activity, making feasible 
its subsequent utilization as a substrate in the biosynthetic prep- 
aration (4) of aldosterone-16-H* and of corticosterone-16-H* of 
sufficiently high specific activity to be useful for mtabolism ex- 
periments in man. The 16-H*-steroid hormones, aehough suit- 
able for studying their intermediary metabolism, alt not appro- 
priate for studying metabolic transformations enre eng loss of 
the C-17 side chain because loss of the isotope mtailit possibly 
ensue. A method was therefore sought for introdighng tritium 
at an appropriate site i the steroid molecule, foucixamrple, at 
C-7. 

A simple method for incorporating large amounts of tritium 
into ring B of Cx and Cy steroid hormones appeared feasible 
from the kinetic studies by Garrett et al. (5) on the catalytic 
hydrogenation of A4,6,22-ergostatriene-3-one (isoergosterone). 
In this study (see Fig. 1), the conditions of optimal yield of 
A4 ,3-ketone (J) from A4,6-diene-3-ketone (J7) with a minimal 
yield of saturated 3-ketone (J//) were established for isoergos- 
terone with hydrogen and palladium-charcoal as catalyst. 
The recommended use of methanol as solvent and of alkali was, 
however, not advisable in our studies on the tritiation of A4,6- 
pregnadiene-3 ,20-dione and A4,6-androstadiene-3 ,17-dione be- 
cause this would result in a considerable dilution of tritium with 
hydrogen; toluene was therefore substituted for methanol, and 
alkali omitted. It was found that reaction of the respective 
A4 ,6-diene-3-ketones (J) with one equivalent of tritium-hydro- 
gen in the presence of 10% palladium-charcoal proceeded satis- 
factorily, affording progesterone-6 ,7-H* and A44-androstene-3 , 17- 
dione-6 ,7H? in good yield; only small amounts of the radioactive 
saturated ketonic byproducts (///), presumably mixtures of 
5a- and 58-pregnane-3 ,20-dione, and of 5a- and 58-androstane- 
3,17-dione, respectively, were formed; and very little or none 
of the starting material (J) remained. The radioactive byprod- 


* This work was initiated with the support of the Medical Re- 
search Council, Great Britain, and continued with the support 
of the National Science Foundation (Grant No. G4869) and of the 
National Institute of Arthritis and Metabolic Diseases, Public 
Health Service (Grant No. A-2394 Endo.). 

+ Present address, Department of Surgery, Harvard Medical 
School, Boston 15, Massachusetts. 
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ucts (J/7) were completely removed from the 6,7-H?-hormones 
by subjecting the tritiated reaction mixture in each instance to 
reverse phase partition column chromatography on siliconized 
Celite with the solvent system toluene-70% methanol. The 


progesterone-6 ,7-H* and A4-androstene-3 , 17-dione-6 ,7-H? thus 
purified were individually treated with methanolic KOH in order 


to remove labile tritium. The reaction products were then | 
purified by reverse phase partition column chromatography as — 


above, and yielded on crystallization of the appropriate eluate 
fractions, progesterone-7-H*, specific activity, 1.67 me per mg, 
and A4-androstene-3 ,17-dione-7-H’, specific activity, 4.05 me 
per mg. 


column chromatography in each instance, namely, dilution with 
progesterone and chromatography on aluminum oxide. 


EXPERIMENTAL PROCEDURE 


Melting point determinations were performed on a Fisher- | 
Johns apparatus and are uncorrected; a Beckman DU spectro- | 


photometer was employed for the ultraviolet analyses. 


Assay of Trititum—This was performed by plating and counting © 
in a windowless flow counter in the Geiger region by procedures ~ 


essentially those described by Ayres et al. (4). Less than 0.1 


ug of the radioactive material was diluted with 230 ug of pro- 


gesterone in each instance and deposited from ethanol solution 
on an aluminum planchet, 7.1 cm?, containing many circular 
grooves, about 0.05 mm deep, designed to promote uniform dis- 
tribution of the plated material... The assays were checked 


occasionally in a Packard Tri-Carb liquid scintillation spec- — 


trometer at the New England Nuclear Assay Corporation, Bos- 
ton, Massachusetts. 

Progesterone-6 ,7-H®—The_ starting product, A4,6-pregna- 
diene-3 ,20-dione, m.p. 147-148°, Asths°! 284 mu, = 24,400, 
was prepared by the author from A5-pregnen-36-ol-20-one by 
a quinone modified-Oppenauer oxidation described by Wett- 
stein (6). To 43.4 mg (0.139 mmole) of this product, dried | 
in a reaction vessel of about 7-ml capacity by evaporation from 
toluene solution, were added 60 mg of 10% palladium-charcoal 
and 4 ml of toluene, freshly distilled over calcium hydride. The 
reaction vessel was evacuated after freezing its contents with 
solid carbon dioxide-ethanol mixture. Tritium gas (1.77 curie 
in 0.76 ml) and hydrogen (3.39 ml) were introduced into the sy* 


1 The planchets may be obtained from Mr. P. W. Donley, 267 
Arleigh Road, East Meadow, New York. 


In purifying progesterone-6 ,7-H* and also progester- 
one-7-H’, an additional step was introduced before partition | 
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& tem at 24° with a Toepler pump which also served as a manom- 


eter. The gas pressure in the system was adjusted to atmos- 
pheric by introducing about 5.4 ml of nitrogen dried over 
magnesium perchlorate; this permitted direct measurement of 
the tritium-hydrogen uptake. The reaction mixture, after thaw- 
ing to the equilibration temperature (24°) was agitated with a 

magnetic stirrer; during the first 23 hours, 3.57 ml of gas were 
consumed, and after an additional 16 hours, 0.60 ml. Since the 
amount of catalyst employed consumed 0.77 ml of gas as deter- 
mined in blank experiments, 3.40 ml (0.139 mmole) of tritium- 
hydrogen apparently were taken up by the steroid. The catalyst 
was removed from the reaction mixture by centrifugation and 
washed well with toluene. The toluene extract on evaporation 
gave 42.0 mg of a white crystalline product (radioassay 355 mc) 
which contained 29.6 mg of progesterone, estimated by measuring 
the optical density at 240 my in ethanol, and less than 0.07 mg of 
A4,6-pregnadiene-3 ,20-dione, estimated similarly at 284 muy. 
This product was purified by reverse phase partition column 
chromatography on siliconized Celite with the solvent system 
toluene-70% methanol in a manner essentially that described 
in detail by Contractor and Pearlman (3). 

The performance of the partition columns used in this study 
could be predicted from the equations developed by Carpenter 
and Hess (7). For reverse phase chromatography the derived 
equation Ve = VsK + Vu applies, where Vz, the elution vol- 
ume, is equal to the total volume of eluate collected from the 
time the solute is introduced on the column, up to and including 
the eluted fraction of maximal concentration, Vs is the total 
volume of the stationary phase used in preparing the column, 
K is the partition coefficient of the solute, and Vz, the hold-up 
volume, is the total volume of moving phase held in the column. 
Vy can be calculated from the equation, Vy = wrh — (Vs + 
Veup), Where r is the radius of the column, h is the height of the 
packed column, and V.up is the volume of the inert support, 7.e. 
the siliconized Celite used in preparing the column. V up can 
be calculated from the weight and density measurements of the 
siliconized Celite. AK can be calculated by partitioning the 
solute between equal volumes of the stationary phase (upper 
layer) and the moving phase (lower layer) and determining the 
ratio of the amount of the solute in the upper phase to that in 
the lower phase. 

The results obtained on chromatography of the tritiated prod- 
uct above are described in Fig. 2 (Curve B); milligrams of pro- 
gesterone, estimated from the optical density at 240 my in 
ethanol, are plotted against the eluate fraction number. The 
column (r?, 1.43 cm?; h, 42.5 cm) contained 25 g of siliconized 
Celite (density, 2.25), and 15 ml of toluene (stationary phase); 
an additional 1.5 ml of toluene were used to transfer the reaction 
product to the column; the flow rate of the moving phase (80% 
methanol) was 9 ml per hour. The number (N) of theoretical 
plates in this column was estimated from Equation 12 derived 
by Carpenter and Hess (7) to be about 250. K (progesterone) 
was 20 by direct determination, and 22 by partition chroma- 
tography in this instance. Eluate Fractions 64 to 68 (Fig. 1, 
Curve B) weighed 32.6 mg, contained 29.4 mg of progesterone, 
and represented 90% of the initial radioactivity chromato- 

graphed. An additional 8.7% of the initial radioactivity was 
found in Fraction 93 combined with a toluene extract (“strip- 
ping”) of the Celite column; this fraction, as described below, 
contained 5a-pregnane-3,20-dione and presumably some 56- 
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pregnane-3 ,20-dione as end products in the catalytic reduction 
process. 

To a 0.004 aliquot of the initial reaction product (355 mc) 
were added 1.15 mg of progesterone, 25.3 mg of 58-pregnane-3, 
20-dione, and 25.1 mg of 5a-pregnane-3,20-dione; the mixture 
was chromatographed under conditions identical with those 
described above. The results are shown in Fig. 3; the total 
content of 5a- and 58-pregnane-3 ,20-dione in the eluate frac- 
tions was determined by weighing, that of progesterone by ultra- 
violet analysis. It appears that progesterone is completely 
separable from a mixture of 5a- and 58-pregnane-3 ,20-dione as 
predicted from theory, since values of K for progesterone, 5@- 
pregnane-3,20-dione, and 5a-pregnane-3,20-dione are respec- 
tively 20, 37, and 40 by direct determination, and 22, 40 (average 
for the latter two compounds) by partition chromatography in 
this instance; the width of the elution bands is predictable from 
the value for N (see above). Eluate Fractions 105 to 139 (23.0 
mg of residue) and 140 to 180 (29.5 mg of residue) were separately 
pooled, yielding on recrystallization from methanol 9.6 mg and 
16.7 mg, respectively, of slightly impure 5a-pregnane-3,20- 
dione, thus indicating that only a partial separation of the 
epimeric 3,20-diones had been achieved by partition chroma- 
tography. The two crystalline fractions were combined and 
repeatedly crystallized from methanol to yield 11.2 mg, m.p. 
200°, specific activity, 5.76 we per mg. Thus, about 10% of 
the radioactivity of the initial reaction product may be 
attributed to 5a-pregnane-3 ,20-dione. 


ae 


Fig. 1. The course of ee... hydrogenation of A4,6-diene-3- 
ketonic steroids (J); only rings A and B are represented. 
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Fig. 2. Reverse phase partition column chromatography of 
reaction products containing progesterone-6,7-H* with heptane- 
toluene (60:40)-80% methanol (Curve A, 2 ml per eluate fraction), 
and also with toluene-70% methanol (Curve B, 5 ml per eluate 
fraction). 
at 240 my in ethanol. 


Progesterone content estimated from optical density 
For details, see text. 
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Fic. 3. Reverse phase partition column chromatography of a 
mixture of progesterone (Curve A) and of 5a- and 58-pregnane-3, 
20-dione (Curve B) with toluene-70°> methanol; 5 ml per eluate 
fraction. For details, see text. 


The pooled residues from Fractions 64 to 68 (Fig. 2, Curve 
B) containing 29.4 mg of progesterone (in 32.6 mg of solids, as- 
saying 320 mc) were purified by reverse phase partition chro- 
matography under conditions identical with those above but 
employing the solvent system heptane-toluene (40:60)-80% 
methanol. Values of A for progesterone, 5@-pregnane-3 ,20- 
dione, and 5a-pregnane-3,20-dione are 1.3, 3.7, and 2.9, re- 
spectively in this solvent system. The results are shown in Fig. 
2 (Curve A); milligrams of progesterone, estimated as above, 
are plotted against the eluate fraction number. Eluate Frac- 
tions 20 to 36 were estimated to contain 27.1 mg of progesterone 
in 30.2 mg of solids, radioassay 307 mc or 96% of the 
total radioactivity chromatographed. To 29.8 mg of this crys- 
talline product (26.8 mg of progesterone, 302 mc) were added 
25.3 mg of inert progesterone. The mixture was dissolved in a 
minimal volume of dry ether (distilled over calcium hydride) and 
chromatographed on 5 g of aluminum oxide (Merck, acid-washed) 
in a column (10 X 65 mm) previously wetted with petroleum 
ether, b.p. 40—-58° (purified by shaking with concentrated H.SO,, 
washing with water, drying over calcium hydride, and distilling). 
Elution was made with 40-ml portions each of 10:90, 20:80, 
40:60, and 60:40 mixtures of ether-petroleum ether, then with 
60 ml of ether, and finally with 20 ml of methanol. The 20:80 
and 40:60 ether-petroleum ether eluates gave, respectively, 6.0 
and 28.8 mg of crystals which were combined and recrystallized 
from ether-petroleum ether to give 30.0 mg of progesterone-6 , 7- 
H?, m.p. 128-129°, Agts"°! 240 mu, « = 16,200, specific activity, 
4.55 mc per mg. 

Progesterone-7-H*—To a mixture of 27.3 mg of progesterone- 
6 ,7-H? above and 24.6 mg of progesterone (total 51.9 mg, specific 
activity, 2.39 mec per mg) were added 15 ml of cold 5% KOH in 
90% methanol. The reaction mixture was refluxed under nitro- 
gen for 2 hours, chilled, acidified to Congo red with 2 N HCl, and 
diluted with 50 ml of water. Extraction was made once with 50 
ml, and twice with 25 ml; the ether extracts were combined and 
washed with 10 ml of 1% NaOH, and then four times with 10 ml 
of water. Evaporation of the ether extract gave 50.7 mg of a 
yellow semicrystalline product. It was purified by chromatog- 


raphy on aluminum oxide as described above except that twice 
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as much of the aluminum oxide and eluting solvents was em- 
ployed. There were thus obtained 41.3 mg of white crystalline 
material which on repeated crystallization from ether-petroleum 
ether furnished 19.5 mg of progesterone-7-H*, m.p. 129-130°, 
Amar”! 240 mu, € = 16,800, specific activity, 1.67 mc per mg. 
Thus, about 70% of the radioactivity in the steroid molecule 
was retained after alkali treatment. 

A4-Androstene-3 , 17-dione-6 ,7-H*—The starting product, A4,6- 
androstadiene-3 ,17-dione, m.p. 170-171°, Agth27°! 282 my, = 
23,800, was prepared by the author by oxidation of A5-androstene 
38-ol-17-one with manganese dioxide as described by Sondheimer 
et al. (8). The starting product (57.5 mg or 0.202 mmole) in 
toluene solution was treated under the conditions described above 
with 5.90 ml of tritium-hydrogen containing 2.58 c of tritium in the 
presence of 82 mg of 10% palladium-charcoal at 24°; 5.64 ml of 
gas were consumed over a period of 7 hours, of which 4.59 ml 
(0.188 mmole) were consumed by the steroid, if allowance is 
made for the catalyst. The reaction mixture, after removal of 
the catalyst, furnished 54.5 mg of a white crystalline product, 
radioassay 340 mc, which was estimated to contain 44.5 mg of 
A4-androstene-3 ,17-dione and 7.2 mg of A4,6-androstadiene. 
3,17-dione according to optical density measurements made at 
240 mu and 282 my, respectively, in ethanol solution. Of this 
reaction product, 53.8 mg were subjected to reverse phase parti- 
tion column chromatography on 25 g of siliconized Celite with 
the solvent system toluene-70% methanol, under conditions iden- 
tical with those described above. In this solvent system, values 
of K for A4-androstene-3,17-dione, 5a-androstane-3 , 17-dione, 
and 58-androstane-3,17-dione are 8.1, 17, and 17, respectively, 


hence permitting a complete separation of the A4-dione from the | 


small amount of epimeric saturated diones which are presumably 
formed as end products in the tritiation. The results are shown 
in Fig. 4; the optical density at 240 my and at 282 my in ethanol 
is plotted against the elutate fraction number. A slight contam- 
ination of A4-androstene-3,17-dione with unreacted starting 
material is apparent. The specific activity of the peak Fraction 
37 was 6.03 mc per mg of estimated A4-androstene-3 , 17-dione. 


Eluate Fractions 32 to 40 were pooled, and the residue (43.3 mg) _ 


was estimated to contain 35.9 mg of A4-androstene-3 , 17-dione- | 
6,7-H? and 4.1 mg of A4,6-androstadiene-3 , 17-dione. | 


A4-Androstene-3 ,17-dione-7-H*—The eluate residue above | 


containing A4-androstene-3,17-dione-6,7-H*® was treated with | 


methanolic KOH in a manner identical with that employed in — 
There were 
thus recovered 41.6 mg of a slightly yellowish crystalline product _ 
which was subsequently purified by reverse phase partition col- _ 


removing labile tritium from progesterone-6 , 7-H*. 


umn chromatography with the solvent system toluene-70% | 
methanol, exactly as described above, and with similar results 9s _ 
shown in Fig. 4 (the apparent shift in position of the curves is 
not significant). The specific activity of the peak Fraction 22 | 
was 5.00 mc per mg of estimated A4-androstene-3, 17-dione. 
Eluate Fractions 26 to 37 were pooled to furnish 36.4 mg of 8 
crystalline residue which on repeated crystallization from ace- 
tone-hepatane gave 28.8 mg of A4-androstene-3, 17-dione-7-H%, 
m.p. 175-176°, Asths=°! 240 mu, « = 14,800, specific activity, 4.05 © 
me per mg. This preparation appeared to be free from contaml- 
nation with A4,6-androstadiene-3,17-dione according to ultra- 
violet analysis. A preponderant amount of the radioactivity 
of the impure A4-androstene-3,17-dione-6,7-H*® was thus Ie 
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ELUATE FRACTION NUMBER 


Fic. 4. Reverse phase partition column chromatography of 
reaction products containing A4-androstene-3, 17-dione-6, 7-H? 
(before alkali treatment), and A4-androstene-3, 17-dione-7-H* 
(after alkali treatment). Solvent system, toluene-70% meth- 
anol; 5 ml per eluate fraction. An optical density unit is defined 
as optical density times volume times dilution. For details, see 
text. 


progesterone-6 ,7-H* (specific activity, 2.40 mc per mg) and of 
progesterone-7-H? (specific activity, 1.67 me per mg) when stored 
as a solid film in air at room temperature, lost 36% and 41%, 
respectively, of their initial radioactivity over an 8-month period. 
A sample of A4-androstene-3 ,17-dione-7-H’, specific activity, 
4.05 me per mg, similarly lost 34% of its initial radioactivity 
over a 54-month period. There was, on the other hand, no 
significant change in radioactivity on storing progesterone-7-H# 
in benzene at 5° over a period of 18 months. 


DISCUSSION 


The specific activities which might have been obtained had 
carrier-free tritium been employed and no dilution of the radio- 
active hormone with carrier been made, are calculated to be 33.7 
and 21.7 me per mg for progesterone-7-H? and A4-androstene- 
3,17-dione-7-H’, respectively; this is 36.7% and 21.3% of theory 
for the incorporation of one atom of tritium into the respective 
steroid hormone molecules. An explanation of this discrepancy 
may be that an exchange of gaseous tritium with hydrogen atoms 
in the solvent, toluene, had taken place during the period of 
catalytic reduction by a process described by Wilzbach (9). 
Other possible factors have been mentioned in connection with 
the preparation (1) of progesterone-16-H®; only about 20% of 
the gaseous tritium was likewise incorporated in this instance. 

The mechanism of addition of tritium to A4 ,6-diene-3-ketonic 
steroids (J) (see Fig. 1) is intriguing. Garrett et al. (5) suggested 
the possibility that hydrogen addition to isoergosterone (J) is 
1 ,6- (i.e. with respect to the conjugated double bond system) and 
that the 1,6-dihydro intermediate (IV) must desorb and keto- 
nize before readsorption of JJ on the catalyst. Accordingly, 
tritium addition at C-7 and at the oxygen atom at C-1 may have 
occurred initially. Thus, the precise location of labile tritium in 
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the A4-3 ketones (JJ) is uncertain because the fate of tritium in 
the hydroxy] group at C-1 of the enolic form (JV) on rearrange- 
ment to JJ is rather difficult to predict. On the other hand, 
stably bound tritium is most probably located at C-7. Catalytic 
reduction with hydrogen isotope of an isolated double bond re- 
sults in a preponderant localization of the isotope at the two 
carbon atoms; for example, Fukushima and Gallagher (10) 
found on reducing cholesterol acetate with deuterium that five- 
sixths of the isotope was equally distributed between C-5 and 
C-6, and only about one-sixth at C-7. 

During the course of this investigation, Gut and Uskokovié 
(11, 12) reportéd the synthesis of dehydroepiandrosterone-7 a-H? 
and A5-pregnen-38-ol-20-one-7a-H* (these products can be 
readily converted to the hormones mentioned above) by catalytic 
reduction with tritium of the 7a-bromo intermediates. Of inter- 
est also is the report by Bradlow et al. (13) of an attempt at ran- 
dom labeling of dehydroepiandrosterone and A5-pregnen-36-ol- 
20-one-3-acetate by simple exposure to gaseous tritium according 
to the Wilzbach (9) procedure; stereospecific addition of tritium 
to the 5,6 double bond was found to be the exclusive reaction 
with dehydroepiandrosterone and the principal reaction with the 
latter compound. 

Thus, specific labeling of some C2; and Cy steroid hormones is 
easily achieved with tritium via the A4,6-diene-3-ketone (J) 
(which is readily accessible by gentle oxidation (6, 8) of the cor- 
responding 38A5-stenol) thereby affording at low cost, products 
of unusually high specific activity (a factor in itself of considerable 
advantage in certain types of metabolism study). <A preliminary 
report by O’Donnell and Pearlman (14) has appeared on the 
preparation, similarly by catalytic reduction of a 6,7 double 
bond, of estrone-6,7-H*, estradiol-178-ol-6,7-H*, and estriol- 
6,7-H® of very high specific activity. Deterioration of highly 
radioactive steroid hormones will occur if these are stored in air 
in solid form at room temperature; the author has observed 
yellowing of originally white crystalline preparations with an 
appreciable decline in radioactivity over a period of several 
months, but this could be prevented by storing in benzene solu- 
tion at 5°. 

An apparatus suitable for carrying out catalytic reduction with 
tritium on a semimicro scale has been described in complete de- 
tail by Glascock and Pope (15) in connection with their prepara- 
tion of tritium-labeled hexestrol of very high specific activity, 


SUMMARY 


1. A method for the preparation of progesterone-7-H® and of 
A4-androstene-3 , 17-dione-7-H* of very high specific activity is 
described. 

2. The mechanism of catalytic addition of tritium to the A4 ,6- 
diene-3-one steroids employed as starting products in this syn- 
thesis is briefly discussed. 

3. A procedure is described for separating progesterone, A4- 
androstene-3 ,17-dione, and their respective 4,5-dihydro deriva- 
tives by reverse phase partition column chromatography on sili- 
conized Celite. 
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The conversion of radioactive acetate to the natural estrogens 
has been reported in vivo in the pregnant mare (1), and in per- 
fusion studies with sow ovaries (2). Although there are isolated 
reports of the conversion in vitro of acetate to estrogens (3-5), 
there have been no studies sufficiently detailed to allow complete 
evaluation of the radiochemical purity of the isolated steroids 
by rigorous criteria, such as those suggested by Baggett et al. 
(6, 7). The study of estrogen biosynthesis by the ovary has 
been hindered by the problem of extremely low yields and the 
possibility of more than one metabolic pathway. 

The present report is the first of a series on the biogenesis of 
ovarian steroids, and it was felt necessary to begin with a critical 
re-investigation of the precursor role of acetate in the formation 
of ovarian estrogens. The objectives of this study are: to de- 
velop a system for producing randomly labeled estrogens of 
sufficiently high specific activity for exhaustive purification and 
eventual degradation studies, to apply to the isolated radioactive 
metabolites accepted and reasonably thorough techniques for 
establishing radiochemical purity, and to evaluate the quantita- 
tive and qualitative aspects of the acetate to estrogen conversion. 


EXPERIMENTAL PROCEDURE 


Tissue Preparation and Incubation—Human ovaries were 
obtained at surgery from a normally menstruating patient who 
had received 195 mg of purified follicle-stimulating hormone! 
over a 9-day period before operation. The ovaries were col- 
lected on ice, the multiple follicular cysts aspirated of fluid, and 
the cyst linings stripped from their capsules and minced. The 
remainder of the ovaries were used for histological sections 
which revealed luteinization of the thecal lining of the cysts and 
no pathological abnormalities. There were no ruptured follicles 
or fresh corpora lutea, but the endometrium was secretory. 

The minced follicular cyst linings from one ovary weighing 
25 g were incubated with agitation in Krebs’ phosphosaline 
buffer at pH 7.4 with 0.2 me of sodium acetate-1-C™ (40 me per 
mmole) (New England Nuclear Corporation) for 4 hours at 37° 
in a 50-ml Erlenmeyer flask with air as the gas phase. 

Measurement of Radioactivity—Determination of radioactivity 
was carried out by plating at infinite thinness into aluminum 


*This work was supported by grants from the U.S. Public 
i Service (A-2270, CY-2786) and the Josiah Macy, Jr. Foun- 
ation. 

. The follicle-stimulating hormone (ovine) was generously 
supplied by the Endocrinology Study Section, National Insti- 
tutes of Health. 


planchets and counting in a Robinson gas flow counter operated 
in the Geiger region. The procedure employed by the Biophysics 
Department of Harvard Medical School was followed (8). 
Duplicates which did not agree within 5% were repeated. 

Estrogen Measurements—Analyses for estrogens were per- 
formed in duplicate by the sulfuric acid-fluorescence method 
essentially as described by Slaunwhite et al. (9). The Farrand 
fluorometer was employed and duplicates agreed within 5%. 
The fluorescent reaction was initially carried out in an Aminco 
spectrofluorometer, and excitation at 436 my produced a peak 
fluorescence at 478 mu. Accordingly, Baird interference filters 
were used with the primary filter at 436 my and the secondary 
filter at 488 my. The band spread of these filters was approxi- 
mately 15 mp and extremely sharp. 

Column partition chromatography was carried out with 
gradient elution of a Celite column prepared with solvent modi- 
fications? of the method of Aitken and Preedy (10). Methyla- 
tion, purification, and alumina chromatography of the methyl 
ethers were performed according to Brown (11). Paper chroma- 
tography was performed by the Bush method (12) at ambient 
temperatures with solvent systems described in the text. Known 
standards were always run simultaneously on either side of the 
unknowns which were run on 2-em strips. Elution of paper 
chromatograms was carried out as previously described (13). 
Estrogen standards were located on paper with the Turnbull 
blue reaction (14). Cholesterol] was determined by the Lieber- 
mann-Burchard reaction as described by Schoenheimer and 
Sperry (15). Digitonide formation was carried out by the 
method described by Butt et al. (16). Dibromide formation and 
regeneration of cholesterol followed the procedure of Werthensen 
and Schwenk (17). The estrogen methyl ethers were crystal- 
lized from ethanol, and cholesterol was crystallized from meth- 
anol. 


RESULTS 


Extraction and Initial Purification—The extraction of the 
incubation mixture and initial purification of radioactive me- 
tabolites are outlined in Fig. 1. Three volumes of hot alcohol 
and 20 volumes of hot acetone were added successively in small 
amounts to the incubation flask. The alcohol-acetone mixture 
was filtered, the remaining tissue ground in a glass homogenizer, 
re-extracted with acetone, and filtered. The combined alcohol- 


2 The authors are indebted to Dr. L. L. Engel for a description 
of his method of gradient elution partition chromatography before 
publication. 
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Hot alcohol and acetone added to 
incubation mixture and filtered 


Organic solvents evaporated and aqueous 
residue extracted with HCCI, 


Aqueous residue 
discarded 


HCCI, evaporated 
(5,239,600 c.p.m.) 


HCC); residue partitioned 
between pentane and 90% 
methanol 


90% methanol evaporated 
Dissolved in ethanol 
Benzene-petroleum ether added 
Extracted twice with water 
Extracted twice with 0.4 Nn NaOH 


Digitonide 
(1,816,560 c.p.m.) 


Pentane 
(3,825,500 c.p.m.) 


| 


Nondigitonide 
(1,569,400 ¢.p.m.) 


Water extracted 
with diethyl ether 


‘‘Estriol’’ fraction 
(60,720 ¢c.p.m.) 


0.4 n NaOH adjusted to pH 8.5, 
extracted with diethyl ether 


(272,780 c.p.m.) 


aq 


Benzene-petroleum ether 


Neutral fraction 
(1,080,600 c.p.m.) 


Fic. 1. Scheme of extraction and initial purification 


acetone mixture was evaporated under reduced pressure. The 
residue was brought to 5 ml with water, extracted three times 
with 6 volumes of chloroform, and the chloroform evaporated. 
In comparative studies performed simultaneously, 90 to 92% of 
added radioactive steroids were recovered by this procedure. 
The chloroform residue was partitioned between equal volumes 
of 90% methanol and pentane and the pentane set aside for 
cholesterol studies. The 90% methanol was evaporated and the 
residue dissolved in 1 ml of ethanol. Benzene and petroleum 
ether were added (25 ml of each), and the benzene-petroleum 
ether extracted successively twice with 25 ml of water and twice 
with 25 ml of 0.4 Nn NaOH (11). The water fraction was ex- 
tracted three times with an equal volume of diethyl ether, and 
the NaOH fraction was similarly extracted after adjustment of 
the pH to 8.5. This divided the radioactive metabolites into 
three fractions: the neutral fraction (benzene-petroleum ether) 


‘ ‘ ‘ ‘ t 


C.P.M. 
60,000;- 


2 
fo] 
8 


! 


NF 


3 4 5 6 
TUBE NUMBER 
Fic. 2..Eight transfer countercurrent distribution between 
toluene and 1 Nn NaOH. The higher numbered tubes contain the 
phenolic fraction. 


containing 1.1 X 10° c.p.m., the “estrone-estradiol’’ fraction 


(ether extract of 0.4 N NaOH) containing 272,780 c.p.m., and — 


the “estriol” fraction (ether extract of water) containing 60,720 
c.p.m. Recoveries of radioactivity in the respective fractions 
are noted in Fig. 1. 
tailed study later. 


Purification of the “Estrone-Estradiol” Fraction—The ether © 
extract of the 0.4 n NaOH fraction containing 272,780 ¢c.p.m. — 


was evaporated and subjected to an eight transfer countercurrent 
distribution between toluene and 1 N NaOH as described by 
Baggett et al. (6). Over half of the radioactivity was concen- 
trated in the higher numbered tubes containing the phenolic 
fraction (Fig. 2). The phenolic portion of the distribution 
(tubes 5 to 8) containing 114,220 c.p.m. was pooled, evaporated, 


and applied to a Celite gradient elution column with 50 ug each — 


of added estrone and estradiol’ carrier. Alternate tubes from the 


column were counted and, in areas of concentration of the © 
counts, every tube was counted for radioactivity and assayed — 
Of the applied | 
radioactivity, 92.7% was accounted for and of the carriers, 9 | 
The distribution of the counts and of the carrier | 
estrone and estradiol are illustrated in Figs. 3 and 4. The peak © 
tubes for fluorescence and radioactivity coincided in both the — 
estrone and estradiol curves, and the distribution of both param- | 
eters was essentially the same. Of the radioactivity applied — 
to the column, 70% was recovered in the estrone and estradiol _ 


for estrogens by the fluorescent technique. 


to 100%. 


sections and was equally divided between the two. Aside from 
the radioactivity noted in tubes 2 to 9 before the estrone peak, 
10.8% of that applied (Fig. 3), there was no other indication of 
additional radioactive metabolites in this fraction. 
Purification of Radioactive Estrone—Statistical analysis of the 


3 Estradiol as used herein refers to 178-estradiol. 
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TUBE NUMBER 
Fic. 3. Distribution of radioactivity and carrier estrone from 
a Celite column. Stationary phase was 90% methanol; moving 
phase was trimethylpentane. Each tube represents one column 
volume. @——@, carrier estrone as measured by sulfuric acid 
fluorescence; O——O, counts per minute. 


C.P.M. 
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+6000 
+) 
q 
+3000 
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TUBE NUMBER 

Fie. 4. Distribution of radioactivity and carrier estradiol 
from a Celite column. Stationary phase was 90% methanol; 
moving phase was trimethylpentane for the first 40 tubes and 
was replaced by a gradient of trimethylpentane-ethylene dichlo- 
ride (1:1) thereafter. Tube numbering starts with the beginning 
of the gradient, and each tube represents one column volume. 
@——@, carrier estradiol, as measured by sulfuric acid fluores- 
cence; O——O, counts per minute. 


estrone peak from the Celite column (Fig. 3) revealed a constant 
specific activity over six tubes of 844 + 27 c.p.m. per ug with a 
coefficient of variation of 3.2%. The tubes under the entire 
curve (13 to 23) were pooled and run successively in three paper 
chromatographic systems (Table I). In each instance, the bulk 
of the radioactivity ran with the estrone carrier, but the specific 
activity dropped from 886 c.p.m. per ug to 795 c.p.m. per ug, 
demonstrating further purification. The estrone pool recovered 
from these successive paper chromatograms was next methylated, 
further purified by treatment with hydrogen peroxide and parti- 
tion between petroleum ether and NaOH, and run on an al- 
umina column as described by Brown (11). The estrone fraction 
from the alumina column was again treated with hydrogen per- 
oxide and partitioned between petroleum ether and NaOH. 
There was a progressive fall in specific activity during these steps 
(Table I). An aliquot of the estrone methyl ether pool, before 
column chromatography on alumina, was chromatographed in a 
ligroin-96% methanol system. The radioactivity ran with the 
methylated estrone carrier, but recovery of fluorescence was not 
satisfactory because of quenching. After purification by the 
petroleum ether-NaOH partition, however, the specific activity 
was essentially the same as that of the larger aliquot that had 
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been chromatographed on alumina and similarily purified. The 
recoveries and specific activities for all the above purifications 
are recorded in Table I. Crystalline estrone methyl ether (17 
mg) was next added, and crystallization to constant specific 
activity was achieved. Both crystals and mother liquors were 
analyzed. A summary of the results of crystallizations is given 
in Table II. It can be seen that the first crystallization removed 
a radioactive impurity which is apparent only from the specific 
activity of the mother liquor. Specific activities of all fractions 
remained essentially constant thereafter. 

Purification of Radioactive Estradiol: The carrier estradiol and 
its accompanying radioactivity were both recovered from the 
Celite column in a sharp peak consisting of predominantly two 
tubes (Fig. 4). These were combined, half the estradiol pool was 
purified by successive paper chromatography in two systems, and 
an aliquot was chromatographed in a third system (Table III). 
The radioactivity ran with the estradiol carrier in each instance, 
and there was essentially no change in specific activity. The 
estradiol pool recovered from the successive paper chromato- 
grams was methylated, treated with hydrogen peroxide, parti- 
tioned between petroleum ether and NaOH, and chromato- 
graphed on an alumina column. The estradiol methyl ether 


TABLE I 
Purification of radioactive estrone 


Purification step c.p.m. ug Specific activity 
c.p.m./pg 
Celite column, peak tubes....... 844 + 27 
Estrone pool off Celite column. .| 35,600 | 43.5 818 
Paper chromatography 

Ligroin-toluene (2:1)-70% 

Toluene-75% methanol........ 17,850 | 22.5 793 
Ligroin-96% methanol......... 16,463 | 20.7 795 

Methylation..................... 13,835 | 20.6 672 
Alumina column chromatogra- 

Petroleum ether-NaQOH partition.| 8,235; 15 549 
Paper chromatography of methy] 

ether in ligroin-96% methanol*.} 1,117 2.2 508 


* An aliquot of the total sample was used for this chromato- 
gram. 


TaBLeE II 

Crystallization of estrone methyl ether to constant specific activity 

Purification step ¢.p.m. mg Specific activity* 

c.p.m./mg 

Original pool........... 8043 16.4 490 
Ist Crystallization...... 5233 11.0 476 
Mother liquor........... 1489 2.0 745 
2nd Crystallization...... 4370 | 9.5 460 
Mother liquor........... 734 | 1.7 432 
3rd Crystallization. ..... 4060 | 8.8 461 
Mother liquor........... 227 | 0.48 | 473 


* Note that, in contrast to Table I, specific activities are now 
given as c.p.m. per mg. 
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III 
Purification of radioactive estradiol 
Puritication step | ¢.p.m. ug 
| 
| c.p.m./pg 
Celite column, peak tubes........... | 640 
Paper chromatography | 
Toluene-75% methanol............ | 17,425 | 28.2 618 
Ligroin-toluene (2:1)-70% meth- | 
Toluene-ethyl acetate (9:1)-60% | 
... 8,763 | 15.8 595 
Alumina chromatography........... — 4,980 9.1 547 
Petroleum ether-NaQOH partition... | 4,695 8.8 534 
IV 
Crystallization of estradiol methyl ether to constant specific activity 
Purification step | ¢.p.m. mg Specific activity* 
| c.p.m./mg 
Ist Crystallization. ...... 1922 7.4 260 
Mother liquor. ..........; 2087 | 7.3 286 
2nd Crystallization..... ; 522 2.0 261 
Mother liquor............ 888 | 3.3 269 


* Note that, in contrast to Table III, specific activities are 
now given as c.p.m. per mg. 


recovered from the alumina column was retreated with hydrogen 
peroxide and again partitioned between petroleum ether and 
NaOH. There was a slight fall in specific activity with these 
procedures (Table III). Crystalline estradiol methy] ether (14.3 
mg) was next added, and crystallization to constant specific 
activity was carried out, both crystals and mother liquors being 
analyzed (Table IV). It can be noted that the crystals and 
mother liquor from the first crystallization had essentially the 
same specific activity with no subsequent change on repeated 
crystallization. 

Purification of the “‘Estriol’’ Fraction—The estriol fraction 
(60,720 ¢.p.m.) was obtained by extracting benzene-petroleum 
ether with water and then extracting the water with diethyl 
ether (Fig. 1). To this fraction were added 50 ug of carrier 
estriol, and it was repartitioned between benzene-petroleum 
ether and water twice in succession. The pooled water extracts 
were extracted with diethyl ether, and the ether was evaporated. 
The ether extract contained 70% of the carrier estriol, but only 
30% of the radioactivity (18,025 ¢.p.m.). The ether fraction 
was run in a toluene-75% methanol paper chromatographic 
system giving two peaks of radioactivity, one (35% of that 
applied) accompanying the fluorescence of the estriol carrier, and 
the other (25% of that applied) corresponding to the 16-epiestriol 
standard section. After the addition of 16-epiestriol carrier to 
the latter, each was separately rechromatographed in a second 
paper system. Only 37% of the radioactivity of the estriol sec- 
tion accompanied its carrier, and only 57% of that of the 16- 
epiestriol section. The specific activities at this point were 104 
c.p.m. per wg for the estriol eluate and 90 ¢.p.m. per ug for the 
16-epiestriol eluate. These eluates were methylated, purified, 
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and run on alumina columns by the Brown procedure (11). The 
recovery of both carrier steroids was 90%, but there was a pro- 
gressive fall in radioactivity throughout these steps with a fall of 
specific activities to the range of 17 c.p.m. per wg with a total of 
less than 400 ¢.p.m. for each. It was concluded that the bulk of 
the radioactivity in the estriol fraction did not remain with the 
added carriers and that neither estriol nor 16-epiestriol was 
formed to any significant degree. In addition, analysis of the 
estriol fraction from 30 ml of follicular fluid of the ovaries revealed 
that if any endogenous estriol were present, its level was less than 
2.5 ug per 100 ml of follicular fluid. 

The extraction of follicular fluid and analysis for endogenous 
estriol were carried out as previously described, with the use of 
reverse isotopic dilution (13). After separation of the estriol 
fraction by partition between benzene-petroleum ether and water, 
a trace amount of estriol-6,7-H? was added and the extract puri- 
fied on a Celite column. This was followed by applying to the 
estriol pool from the column the 1957 modification of the Brown 
urinary estrogen method (18) which includes saponification as 
well as methylation, H.O2 purification, and alumina column 
chromatography. Over 90% of the radioactive tracer standard 
was recovered. In the analyses for endogenous estriol, fluo- 
rescence was used, with a 55% loss during the processes of puri- 
fication. The amount recovered (0.68 ug from 30 ml of fluid) 
was too small for further attempts at identification. 

Aliquots of the follicular fluid were screened for endogenous 
estrogens by extracting 5 ml with 6 volumes of chloroform three 
times, preparation of a phenolic fraction, and chromatography on 
ligroin-toluene (2:1)-70% methanol and toluene-75% methanol 
paper systems. The papers were developed with Turnbull’s 
blue, and spots corresponding to the standards indicated the 
presence of a considerable amount of estradiol and a lesser 
amount of estrone. More polar phenolic steroids were not 
detected. 

Purification of the Cholesterol Fraction—The pentane fraction 
obtained in the initial purification contained 3.8 xX 10° ¢.p.m. 
(Fig. 1). This fraction was treated with digitonin and divided 
into a digitonin-precipitable (1.8 < 10° c.p.m.) and a digitonin- 
nonprecipitable (1.6 x 10® ¢.p.m.) fraction. The nonprecipit- 
able fraction was retreated with digitonin without additional 
digitonide formation and was placed aside for future study. The 
digitonin-precipitable material was reclaimed by treatment with 
pyridine and extraction into diethyl ether. Recrystallized car- 
rier cholesterol (100 mg) was added, the dibromide formed, and 
cholesterol regenerated by the procedure of Werthensen and 
Schwenk (17). The recovered cholesterol was crystallized twice 
from methanol with constant specific activities (Table V). As 
calculated by isotopic dilution, 0.3% of the starting radioactive 
acetate was converted to cholesterol. 


TABLE V 
Crystallization of cholesterol to constant specific activity 
Purification step c.p.m. mg Specific activity 
c.p.m./mg 
Ist crystallization......... 249,610 34 7341 
Mother liquor............ 115,335 15 7689 
2nd erystallization........ 126 , 240 16.4 7698 
Mother liquor............, 116,270 14.8 7856 
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DISCUSSION 


The use of follicle-stimulating hormone in vivo before surgical 
removal of the ovaries has provided a unique biosynthetic system 
capable of a high level of steroid production. Comparable to the 
effect of adrenocorticotropic hormone on the adrenal, follicle- 
stimulating hormone helps to overcome the very limited steroid 
formation of the normal ovary. In this instance, the conversion 
of acetate to estrogens was sufficiently great to obtain metabo- 
lites of very high specific activity. The estrone and estradiol 
pools from the Celite column contained 35,600 c.p.m. and 39,350 
¢.p.m., respectively. Degradation studies to help in settling the 
question of the precursor role of cholesterol are now anticipated. 

The plan followed for demonstration of radiochemical purity 
in this study utilized many of the recommendations put forth by 
Baggett et al. (6, 7) and, in addition, took advantage of the rela- 
tive specificity of methyl ether formation and purification as 
adapted by Brown for urinary estrogens (11). Isolation of a 
reasonably pure phenolic fraction was achieved by an eight trans- 
fer countercurrent distribution (6). The high resolution of 
Celite partition chromatography with gradient elution and of 
paper chromatography followed by methyl ether formation and 
alumina chromatography and finally crystallization to constant 
specific activity all provide reasonable evidence for progressive 
purification and identification of the radioactive metabolites. In 
the crystallization step, both crystals and mother liquors were 
analyzed and extreme care was exercised to insure that true crys- 
tallization occurred. The initial use of very small amounts of 
carrier permitted paper chromatography with sharp resolution. 
In addition, it facilitated counting at true infinite thinness in all 


cases. 


Although the specific activities of the estrone curve on the 
Celite column were uniform (Fig. 3), the subsequent specific 
activities continued to drop during successive purification steps. 
It is apparent that a very tenacious radioactive contaminant ac- 
companied the estrone throughout most of the purification steps 
until the second crystallization. It seems unlikely that any- 
thing short of crystallization or a specific enzymatic conversion 
would have achieved this final purification. This type of con- 
taminant which persisted through repeated paper chromatog- 
raphy and methylation was not encountered with the estradiol, 
nor has it been found in estrone produced from radioactive 
testosterone or progesterone.‘ 

The specific activity of the estradiol remained relatively con- 
stant throughout purification except for the slight drop after 
methylation. In the initial crystallization of the estradiol 
methyl ether, there was no evidence that any impurity remained. 

As reported in other studies of estrogen biosynthesis (5, 19), 
highly polar steroids were obtained which were not identical with 
estriol or 16-epiestriol. The less common 17-epiestriol, 16,17- 
epiestriol, and 6-hydroxylated estrogens have not yet been 
tested. 

The purification of the cholesterol fraction suggests that choles- 
terol was synthesized from acetate in good yield. By isotope 
dilution there was a conversion of acetate to estrone and estradiol 
of approximately 0.02% and to cholesterol of 0.3%. On simply 
quantitative grounds, cholesterol could easily have functioned as 
a precursor of the estrogens in this experiment, in contrast to the 


‘Unpublished data. 
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observations reported by Heard et al. (1). The cholesterol frac- 
tion sampled here is, of course, different from the serum choles- 
terol measured by Heard in vivo. In addition, only follicular 
production of cholesterol and not that of the whole ovary was 
being measured. Under these circumstances, the possibility of 
sampling a precursor cholesterol pool would be much greater. 
The results are in agreement with those obtained by ovarian 
perfusion (2). The question of whether estrogens are synthesized 
from acetate via cholesterol and the neutral steroids cannot be 
answered by this study alone. It is hoped that use of this test 
system and a careful survey of the relative rates of conversion of 
possible intermediates will provide some insight into the prob- 
lem. 


SUMMARY 


A very active system in tro for the conversion of acetate-1-C™ 
to estrone and estradiol has been described. A detailed summary 
of the recoveries and changes in specific activity has been pre- 
sented, as well as criteria for the radiochemical purity of the 
isolated steroids. A possible precursor role of cholesterol in 
estrogen production has been suggested by quantitative consider- 
ations. 
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The conversion of progesterone to estrone and estradiol! via 
testosterone has been postulated as a possible sequence in the 
normal biosynthesis of the estrogens (1). This is based on ample 
evidence for progesterone conversion to A‘-androstene-3, 17- 
dione in the ovary (1), and for the conversion, in turn, of testos- 
terone to estrogens in ovarian. (2, 3) and placental tissues (4, 5). 
Despite the demonstrations of the individual steps, it has not yet 
been established that these reactions can function sequentially in 
a quantitatively significant manner. Although there have been 
isolated notes on the complete conversion of progesterone all the 
way to the estrogens in vivo (6) and in vitro (7), no detailed ac- 
count has as yet been published. The present report is the sec- 
ond of a series on the biogenesis of ovarian steroids (cf. (8)) and 
demonstrates the conversion of progesterone-4-C4 to estrone and 
estradiol in vitro with a total yield of approximately 10%. 


- 


EXPERIMENTAL PROCEDURE 


Tissue Preparation and Incubation—Human ovaries were ob- 
tained at surgery from a normally menstruating patient who had 
received 195 mg of purified ovine follicle-stimulating hormone? 
over a 9-day period before operation. The tissue was prepared 
as previously described (8). The minced follicular cyst linings 
from half of one ovary weighing 22 g were incubated with agita- 
tion in Krebs’ phosphosaline buffer at pH 7.4 with 2.2 x 106 
c.p.m. progesterone-4-C™ (30.7 ue per mg) (New England Nu- 
clear Corporation) for 4 hours at 37° in a 50-m] Erlenmeyer flask 
with air as the gas phase. 

Measurement of Radioactivity and Estrogen Assay—Determina- 
tion of radioactivity was carried out as previously reported (8). 
Estrogen analyses were performed in duplicate by the sulfuric 
acid fluorescence method of Slaunwhite et al. (9). Duplicates for 
both radioactivity and estrogen assays agreed within 5%. 

Partition chromatography on Celite was employed with the 
use of the Aitken and Preedy gradient elution procedure (10) 
with modified solvent systems.* Formation of estrogen methyl 
ethers with their subsequent purification and chromatography on 


* This work was supported by grants from the United States 
Public Health Service (A-2270, CY-2786) and the Josiah Macy, 
Jr., Foundation. 

1 Estradiol as used herein refers to 178-estradiol. 

2 Ovine follicle-stimulating hormone was generously supplied 
by the Endocrinology Study Section, National Institutes of 
Health. 

’ The authors are indebted to Dr. L. L. Engel for a description 
of his method of gradient elution partition chromatography be- 
fore publication. 
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alumina was carried out as described by Brown (11). 
chromatography was performed at ambient temperatures by the 


Bush method (12) with solvent systems described in the text. | 
The details of chromatography and elution have been reported } 


(8, 13). A Craig 50-tube machine (H. O. Post Scientific Instru- 
ment Company) was used for countercurrent distributions. 
Purification of Progesterone-4-C'4—The radioactive progester- 
one was purified before incubation by partition chromatography 
on a Celite column with trimethylpentane as the moving phase 
and 90% methanol as the stationary phase. The contents of the | 


peak tube off the column were used. Paper chromatography of — 
an aliquot in ligroin-96% methanol revealed a single radioactive | 
spot which contained all the applied radioactivity and ran with | 
There was no radioactivity as- — 


added carrier progesterone. 
sociated with carrier A‘*-androstene-3,17-dione, which was, 
readily separable from progesterone in this system. 


able aromatization. 


RESULTS 


Extraction and Initial Purification—The extraction of the © 
incubation mixture and the initial purification were carried out — 
Three volumes of hot — 
alcohol and 20 volumes of hot acetone were added successively — 
in small amounts to the incubation flask. The alcohol-acetone — 
mixture was filtered and evaporated under reduced pressure. © 


essentially as previously described (8). 


The residue was brought to 5 ml with water and extracted three 
times with 6 volumes of chloroform. The recovery to this point ~ 
was 92%. The chloroform was evaporated and the residue — 
partitioned between equal volumes of pentane and 90% methanol. _ 
The 90% methanol was evaporated and the residue dissolved in] © 
ml of ethanol. Benzene and petroleum ether were added (25 ml 
each), and the benzene-petroleum ether was extracted succes | 
sively, twice with 25 ml of water and twice with 25 ml of 0.45 — 
NaOH (11). The water was extracted three times with an equal | 
volume of diethyl ether, and the 0.4 x NaOH was similarly ex ~ 
tracted after adjustment of the pH to 8.5. The ether extract of | 
the water was labeled the “estriol’’ fraction (110,720 c.p.m.), the 
ether extract of the 0.4 n NaOH was labeled the “estrone-estra- 
diol’’ fraction (293,080 c.p.m.), and the benzene-petroleum ether 
was labeled the neutral fraction (1.3 xX 10° c.p.m.). At this 
point there was a total recovery of 84% of the starting radio 
activity. Table I lists the recoveries at each stage of purification 


Paper | 


In addition, 
incubation of the progesterone sample with a human placental © 
enzyme system (5) which is extremely sensitive to the presence ~ 
of testosterone and A‘-androstene-3 ,17-dione revealed no detect- 


I 
&. 
| 
P 
Es 
Es 
for 
asi 
ext 
eva 
dist 
desi 
66° 
tubs 
the 
estr: 
and 
Of t 
cove 
and 
min 
99.3‘ 
umn 
estras 
P 
speci 
theC 
devia 
(Fig. 
estro 
tems, 
the r 
activi 
(Tabl. 
purifie 
meth 
partiti 
alumi 
tion of 
and re) 
these ; 
activit 
again | 
was ne 


er | 
he 


March 1961 


TABLE I 
Recovery and distribution of radioactivity during purification 


K. J. Ryan and O. W. Smith 


Purification step c.p.m. % Recovery 


Initial progesterone-4-C'*................. 2,120,000 | 100 


Chloroform 1,950, 500 92 
Neutral fraction (benzene-petroleum 

Pentane 46 ,900 2.3 
Estrone-estradiol fraction................. 293 ,080 14 
Phenolic fraction from 8 transfer counter- 

current distribution..................... 192,705 9.1 
Estrone pool off Celite column............ 116,130 5.5 
Estradiol pool off Celite column........... 42,742 2.0 


for these and subsequent steps. The neutral fraction was put 
aside for detailed study later. 

Purification of the “Estrone-Estradiol’’ Fraction—The ether 
extract of the 0.4 N NaOH fraction containing 293,080 c.p.m. was 
evaporated and subjected to an eight transfer countercurrent 
distribution between equal volumes of toluene and N NaOH as 
described by Baggett et al. (2). Of the applied radioactivity, 
66% (192,705 c.p.m.) was recovered in the higher numbered 
tubes containing the phenolic fraction. The phenolic portion of 
the distribution was pooled, evaporated, and applied to a Celite 
gradient elution column with 50 ug each of added estrone and 
estradiol carrier. Alternate tubes off the column were counted 
and in areas of concentration of the radioactivity, each tube was 
assayed in duplicate for both radioactivity and carrier estrogen. 
Of the total radioactivity applied to the column, 65% was re- 
covered in the estrone pool and 25% in the estradiol pool. The 
peak tubes coincided for both estrogen carriers and radioactivity, 
and the entire curves were superimposable for both counts per 
minute and estrogen fluorescence (Figs. 1 and 2). A total of 
99.3% of the applied radioactivity was recovered from the col- 
umn with no distinctive peaks other than those for estrone and 
estradiol. 

Purification of Radioactive Estrone—Statistical analysis of the 
specific activities of the individual tubes for the estrone curve off 
the Celite column showed 2911 + 120 c.p.m. per ug (standard 
deviation) with a coefficient of variation of 4.1% for 10 tubes 
(Fig. 1). The tubes under the estrone curve were pooled, the 
estrone was run sequentially in two paper chromatographic sys- 
tems, and an aliquot was run inathird system. In each instance, 
the radioactivity ran with the carrier estrone, and the specific 
activities of the eluted samples did not vary by more than 10% 
(Table II). Additional carrier estrone was added to the estrone 
purified by the paper chromatograms. The entire pool was 
methylated, purified by treatment with hydrogen peroxide, and 
partitioned between petroleum ether and NaOH and run on an 
alumina column as described by Brown (11). The estrone frac- 
tion off the alumina column was retreated with hydrogen peroxide 
and repartitioned between petroleum ether and NaOH. During 
these steps there was a slight sequential drop of the specific 
activities from 626 c.p.m. per ug to 577 c.p.m. per ug which was 
again less than 10% (Table III). The estrone methy] ether pool 
was next subjected to a 49 transfer countercurrent distribution 
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between petroleum ether and 90% methanol. The radioactivity 
and carrier estrone methyl ether could be described by a single 
theoretical distribution curve with identical peaks (Fig. 3). The 
specific activities of 11 tubes under the estrone methyl ether 
curve were 604 + 49 c.p.m. per ug (Table III). There were no 
other radioactive peaks in the distribution. The tubes under 
the estrone methyl] ether curve were pooled, 10 mg of additional 
carrier added, and crystallization to constant specific activity was 
carried out, with both crystals and mother liquors being measured 
(Table IV). The first crystallization resulted in a slight addi- 


ESTRONE yg 
> 


20 28 DW 35 
TUBE NUMBER 


Fig. 1. The estrone curve from the Celite column. The sta- 


tionary phase was 90% methanol; the moving phase was trimeth- 
ylpentane. 
Each tube represents one column volume. 


O——O, counts per minute; @——@, fluorescence. 


ESTRADIOL yg 


TUBE NUMBER 


Fig. 2. The estradiol curve from the Celite column. The sta- 


tionary phase was 90% methanol; the moving phase was tri- 
methylpentane. 
trimethylpentane-ethylene dichloride (1:1) was added, and 40 
additional tubes were collected. The tubes are numbered from 
the start of the gradient, and each tube represents one column 
volume. O——O, counts per minute; @——@, fluorescence. 


After 41 tubes were collected, a gradient of 


TABLE II 
Purification of estrone by paper chromatography 
Purification step c.p.m. ug Specific activity 
c.p.m./ ug 
Celite column............ . 2,911 + 120 
Pool off Celite column... 116,130 40.0 2,903 
Ligroin-toluene (2:1)-70% 
methanol............... 92 ,475 31.2 2,964 

Toluene-75% methanol....') 81,510 25.4 3,209 
Ligroin-96% methanol... .. 7,175f 2.75 2,609 


* Analysis of 10 tubes. 
ft Only an aliquot of the estrone pool was used for this chroma- 
togram. 
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TABLE III 


Purification of estrone by methylation, alumina chromatography, 
and countercurrent distribution 


Purification Step c.p.m. | ug meena 
c.p.m./pg 
56,312 | 90 626 
Alumina chromatography............. 52,050 89.3 583 
Treatment with hydrogen peroxide, 
partition between petroleum ether 
Countercurrent-distribution: petro-— 
leum ether-90% methanol........... | ° * (604 + 49 
Pool after countercurrent distribution _ 31,274 | 51.2 611 
* Analysis of 11 tubes. 
8 
7 
6 
o 
3 
2 
“1015 
TUBE NUMBER 
Fic. 3. Countercurrent distribution of estrone methyl ether in 
petroleum ether-90% methanol. O-——-O, counts per minute; 


@——@, fluorescence. 


TABLE IV 
Crystallization of estrone to constant specific activity 
Purification step c.p.m. | mg Specific activity* 
| c.p.m./mg 
[st Crystallization. ......... 20,230 2,890 
5,870 1.36 4,316 
2nd Crystallization. ........ 14,210 4.8 2,960 
Mother liquor............... 5,450 1.76 3,097 
3rd Crystallization.......... 9,228 3.0 3,076 
Mother 4,807 1.58 3,042 


* Note that, in contrast to Tables II and III, the specific ac- 
tivity is given as c.p.m. per mg. 


tional purification, as indicated by the specific activity of the 
first mother liquor. This would not have been apparent if only 
the crystals had been analyzed. Thereafter the specific activities 
of the crystals and mother liquors were constant. 

Purification of Radioactive Estradiol—Statistical analysis 
showed the specific activities of the individual tubes of the estra- 
diol curve off the Celite column to be 890 + 49 c.p.m. per ug. 
with a coefficient of variation of 5.5% for six tubes (Fig. 2). 
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Both the radioactivity and carrier estradiol came off the column 
in a very sharp curve; the peaks were identical, and the fluores- 
cence and counts per minute were superimposable (Fig. 2). The 
tubes under the estradiol curve were pooled, and aliquots were 
run in three separate paper chromatographic systems: toluene- 
75% methanol, ligroin-toluene (2:1)-70% methanol, and Tolu- 
ene-ethyl acetate (9:1)-60°% methanol. In each case, the radio- 
activity ran with the carrier estradiol. The estradiol eluted 
from each chromatogram was pooled and additional carrier added. 
The combined pool was methylated, treated with hydrogen perox- 
ide, and partitioned between petroleum ether and NaOH and 
run on an alumina column as described by Brown (11). The 
specific activities during these steps remained essentially con- 
stant (Table V). The estradiol methyl ether off the alumina 
column was subjected to a 49 transfer countercurrent distribution 
between petroleum ether and 70% methanol. A single theoreti- 
cal distribution curve described both the carrier fluorescence and 
the radioactivity. The peak tubes were identical, and the spe- 
cific activities for 14 tubes in the estradiol methyl ether curve 
were 202 + 15 ¢.p.m. per ug. (Fig. 4). A plot of the logarithm 


TABLE V 


Purification of estradiol by methylation, alumina chromatography, 
countercurrent distribution, and crystallization 


Purification step c.p.m. ug me 
c.p.m./pg 
30,100 | 157 192 
Alumina chromatography............ 27 ,642 | 140 197 
Countercurrent distribution petro- 
leum ether-70% methanol.......... * + 15 
Pool after countercurrent distribution.| 20,582 | 99.9 206 
mg c.p.m./mg 
10 mg. of carrier added.............. 20,582 | 10 2,058 
Ist Crystallization. .................. 10 ,680 5.25) 2,034 
* Analysis of 14 tubes. 
10>(LOG SA-3) 
e 
250 l l l l 
6 18 20 21 22 
TUBE NUMBER 


o8 1760 
a aa 
4 880 
WJ 

2 

10 '& 20 25 30 35 
TUBE NUMBER 


Fic. 4. Countercurrent distribution of estradiol methy! ether 
in petroleum ether-70% methanol. O——O, counts per minute; 
@——@, fluorescence. 
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of the specific activities against the tube number is shown in Fig. 
4 and reveals an essentially straight line with a slope equivalent 
to zero, consistent with a reasonable degree of radiochemical 
purity as defined by Baggett et al. (14). Carrier estradiol methy] 
ether (10 mg) was added, and crystallization was carried out. 
The specific activities of the crystals and mother liquor were the 
same (Table V). There was essentially no change in specific 
activity from methylation through alumina chromatography, 
countercurrent distribution, and crystallization (Table V). 

Purification of the “Estriol” Fraction—The estriol fraction 
obtained in the initial purification contained 110,720 c.p.m. 
(Table I). Carrier estriol (50 ug) was added and the sample 
dissolved in 1 ml of ethanol. Benzene and petroleum ether (25 
ml each) were added, and the mixture was extracted four times 
with 3 volume of water. Each water extract was back-washed 
with 2 volumes of fresh benzene-petroleum ether and the pooled 
water fraction extracted three times with $ volume of diethyl 
ether. The ether was evaporated. The diethyl ether residue 
contained 91% of the added estriol carrier and only 30% of the 
radioactivity (33,313 ¢.p.m.). Carrier 16-epiestriol (53 ug) was 
added, and the entire pool was placed on a Celite gradient elution 
column with trimethylpentane as the moving phase and 90% 
methanol as the stationary phase. After three tubes had been 
collected, a gradient of trimethylpentane-ethylene dichloride 
(1:1) was applied, and a total of 89 tubes of one column volume 
each were collected. Alternate tubes off the column were 
counted and, in the areas of concentration of the radioactivity, 
each tube was counted and analyzed for estrogens by sulfuric 
acid fluorescence. There were a total of six peaks of radio- 
activity from the column, ranging in polarity from the estradiol 
to the estriol region, which accounted, in all, for 90% of the 
radioactivity applied. Approximately half of this (15,219 
¢.p.m.) reached a peak in the tube of peak fluorescence for the 
16-epiestriol carrier. Only 4% (1189 ¢.p.m.) gave a peak cor- 
responding to the carrier estriol. In neither instance were the 
curves for radioactivity and fluorescence superimposable. Se- 
quential paper chromatographic purification of the radioactive 
sections off the column that corresponded in polarity to estra- 
diol, 16-epiestriol, and estriol, respectively, established only that 
most of the radioactivity could not be identified with these three 
carriers. As in previous studies (8, 15), the bulk of the radio- 
activity in the so called “estriol”? fraction was not estriol (less 
than 550 of approximately 30,000 c.p.m.). All the material 
from the exploratory studies on this fraction was put aside for 
further investigation when suitable additional carrier steroids 
become available. 


DISCUSSION 


As in the initial report of this series on estrogen biogenesis by 
the human ovary, stimulation by follicle-stimulating hormone in 
vivo before removal of the ovary resulted in a tissue enzyme sys- 
tem which was capable of producing the described conversion in 
excellent yield (8). Difficulties in demonstrating conversion of 
progesterone to estrogens in the past undoubtedly resulted from 
the multiple steps involved and the normally low level of steroid 
production by the ovary. Surprisingly, the placental system in 
vitro has not been capable of converting progesterone to estrogens 
in detectable amounts,‘ and this has been blamed on technical 


‘Kenneth J. Ryan, unpublished data. 
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limitations. Stimulation of the ovary by follicle-stimulating 
hormone resulting in pregnancy-level excretion of estrogens (16)5 
should become a useful tool for studying details of hormone for- 
mation. 

The criteria for radiochemical purity are based on the tech- 
niques suggested by Baggett et al. (2, 14) and also utilize the rela- 
tive specificity of Brown’s methods for methyl ether formation 
and purification. The radioactivity associated with estrone and 
estradiol followed the carrier steroids in each case through Celite 
partition chromatography, paper chromatography, methyl ether 
formation, purification, and alumina chromatography followed 
by countercurrent distribution and crystallization. The specific 
activities of individual tubes off the Celite columns and counter- 
current distributions were subjected to statistical analysis and, in 
each instance, demonstrated a single family of values well within 
the limits of the experimental techniques. As in the prior study 
(8), both mother liquors and crystals were analyzed during crys- 
tallization. Small amounts of carrier were used initially so that 
fine resolution by chromatography on Celite and paper could be 
achieved. Much larger amounts were added for the crystalliza- 
tion procedures in which adequate material for true crystalliza- 
tion is essential. 

Although the individual steps of progesterone to androgen and 
androgen to estrogen conversion have been described, the com- 
plete reaction from progesterone to the estrogens had not here- 
tofore been well documented. The significance of these findings 
resides in the demonstration that the reaction can, in fact, take 
place and in good yield. From simply quantitative considera- 


tions, progesterone could therefore function as an intermediate 


in normal estrogen formation. That it is an obligatory or main 
intermediate remains to be proved. A reappraisal of gonado- 
trophin function and the biological activity of progesterone and 
estrogen will be necessary if this reaction proves to be physio- 


‘logically significant. 


SUMMARY 


The conversion of progesterone-4-C"™ to estrone and estradiol 
in approximately 10% yield has been described. The criteria 
for radiochemical purity and complete data on recoveries and 
changes in specific activities have been provided. 
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In previous papers from this laboratory (1, 2) it has been re- 
ported that a-amino acids undergo a quantitative decarboxyla- 
tion in aqueous solution when treated with N-bromosuccinimide. 
Under the conditions used (a temperature of 30° and a pH of 3 
to 5), the reaction was complete in 30 minutes. Anomalies in 
behavior were observed with glycine and #-alanine. The con- 
sumption of N-bromosuccinimide was typically somewhat more 
than 2 moles per mole of amino acid and was as high as 8 moles 
per mole in the case of histidine, tyrosine, and tryptophan. 
The reagent was consumed with great rapidity—in less than 5 
minutes at room temperature. It was also shown that certain 
of the amino acids evolved nitrogen in amounts that corresponded 
to from 20% to 100% of the a-amino nitrogen present in the 
parent compound. 

We have now completed a study of the nongaseous reaction 
products which are herein identified as nitriles and aldehydes. 
It should be mentioned that Schénberg et al. (3) reported that 
N-bromosuccinimide, when used in the bromodecarboxylation 
of alanine, leucine, and phenylglycine, yields aldehydes of one 
less carbon atom than the parent compounds, but these authors 
did not discuss the fate of the amino nitrogen. 


EXPERIMENTAL PROCEDURE 


Apparatus and Reagents 


Mass spectrometric analyses were performed with a Consoli- 
dated Engineering Corporation mass spectrometer, model 21-401, 
and later with a model 21-103C. 

Gas chromatography studies were carried out with apparatus 
built by the Stanford Research Institute. The volatile fractions 
in the exhaust gas stream were collected in U-tubes immersed 
in liquid nitrogen. 

Under the conditions used, the fractionating properties of the 
tetrahydroxyethyl ethylenediamine columns used for aqueous 
solutions allowed the nitriles to precede the water vapor fraction 
by several minutes. The concentration of each volatile com- 
ponent was recorded as a peak on a strip-chart recorder. The 
area under each peak was determined with a planimeter (Keuffel 
and Esser, No. 4236), and this area was empirically related to 


* From the thesis submitted by George William Stevenson in 
partial fulfillment of the requirements for the degree of Doctor 
of Philosophy. 

t The investigation was supported by a research grant (C-2341) 
from the National Institutes of Health, United States Public 
Health Service. 

{ The authors are indebted to Dr. Lloyd Moss of the Stanford 
Research Institute for his generous assistance in connection with 
some of the analyses. 


the concentration of the particular component. The peak areas 
produced by solutions of authentic compounds which were chro- 
matographed under the same conditions were used as reference 
standards. The standard solutions were prepared in concentra- 
tions to produce peak areas approximately the same as those pro- 
duced by the samples. For the analysis of nonaqueous solutions 
we used columns of fire brick coated with Dow-Corning sili- 
cone oil No. 710. 

Amino acid and 4mmonia determinations were performed with 
a Beckman-Spinco amino acid analyzer model 120 (4, 5). 

N-Bromosuccinimide was purchased from Arapahoe Chem- 
icals, Inc., and was used without further purification. 

The amino acids were obtained from Mann Research Labora- 
tories, Inc. 


EXPERIMENTS AND RESULTS 


Nitriles—The technique of gas-liquid chromatography made 
possible the isolation and quantitative determination of the 
nitriles formed in the reaction between N-bromosuccinimide and 
amino acids. A typical experiment follows. 

pL-Norvaline (117.2 mg, 1 mmole) and powdered N-bromo- 
succinimide (356 mg, 2 mmoles) were weighed in a test tube 
calibrated at 1 ml. The reagents were well mixed before the 
reaction was initiated by the addition of water (about 0.5 ml). 
At the end of 1 hour, crystals of sodium thiosulfate were added 
to decolorize the solution which was then made up to 1 ml with 
water. The solution was shaken with o-xylene (2 ml), and a 
sample of the extract was injected into the gas chromatography 
column. The principal volatile component was collected and 
analyzed in the mass spectrometer which revealed that this 
fraction consisted of n-butyronitrile, the fragmentation pattern 
being identical with that recorded in ‘‘the Index’? (6) as Ameri- 
can Petroleum Institute (A.P.I.) spectrum 236. 

A similarly conducted experiment yielded benzyl cyanide 
(a-tolunitrile) from phenylalanine. The nitrile was identified 
by mass spectrometric analysis (fragmentation pattern identical 
with A.P.I. spectrum 510) as well as by comparison with an 
authentic sample of the nitrile chromatographed under the same 
conditions. 

Six amino acids were quantitatively analyzed for the volatile 
products that resulted from the reaction with N-bromosuccini- 
mide. In each case, samples of 0.02 ml of the reaction solution 
were injected into the column. The concentration of each nitrile 
fraction was recorded and, at the same time, a sample of the 
fraction was collected for mass spectrometric analysis and the 
fragmentation pattern was compared with the spectra recorded 
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TABLE I 

Determination of aldehydes and nitriles by gas chromatography 

All water solutions were fractionated in a column (180 X 0.5 
em) of tetrahydroxyethy! ethylenediamine. All other solutions 
were fractionated in a column (180 X 0.5 em) packed with fire 
brick particles coated with Dow-Corning silicone oil No. 710. 
The carrier gas was helium which was adjusted to a flow rate of 30 
ml per minute. Sample volume was 0.02 ml. Yields (Table IT) 
were obtained by comparing the peak areas of the fractions from 
1 mole of amino acid with the peak area from 1 mole of authentic 
compound (considered as 100%). 


Column 
Compound | Solvent 
| min °C 

Fraction I from alanine............. Decalin 0.8 110 
Fraction II from alanine............ Water 3.3 110 
Fraction I from a-aminobutyric acid. Decalin 2.1 110 
Fraction II from a@-aminobutyric 

Fraction I from norvaline........... Xylene 2.2 114 
Xylene 2.1 114 
Fraction II from norvaline.......... Water 6.2 110 
Fraction I from valine.............| Xylene 1.7 120 
Isobutyraldehyde..................| Xylene 1.6 120 
Fraction II from valine............. Water 2.7 129 
Fraction I from leucine............. Xylene 2.3 164 
Isovaleraldehyde.................... Xylene 2.3 164 
Fraction II from leucine. ........... Water 6.2 164 
ae Water 6.2 164 
Fraction I from phenylalanine. ...... Benzene | 3.8 220 
Phenylacetaldehyde................. Benzene | 3.9 220 
Fraction II from phenylalanine...... Water 5.6 230 

TaBLeE II 


Yields of nitriles and aldehydes produced in reaction of 
N-bromosuccinimide with amino acids* 


Compound Vitrilet Aldehydet 
pL-Alanine Acetonitrile (38%) Acetaldehyde (30%) 
DL-a-Amino-n- Propionitrile (40%) | Propionaldehyde 

butyric acid (10%) 

pL-Norvaline n-Butyronitrile n-Butyraldehyde 
(42%) (5%) 

pL-Valine Isobutyronitrile Isobutyraldehyde 
(467%) (3%) 

pL-Leucine Isovaleronitrile Isovaleraldehyde 
(44%) (4%) 

pL-Phenylalanine | Benzyl cyanide Phenylacetaldehyde 
(51%) (6%) 


* Mole ratio of N-bromosuccinimide to amino acid = 2:1. 

7 The figures in parenthesis indicate the yields of the compounds 
based on 1 mole of the parent amino acid. The identity of the 
nitriles and aldehydes was confirmed by mass spectrometric 
analyses performed by the Stanford Research Institute. 


in the A.P.I. Index. The resuits of the gas chromatography 
studies are presented in Tables I and II. 

Aldehydes—Aldehydes were quantitatively estimated by ex- 
traction of each decolorized reaction solution with o-xylene or 
nonane and injection of a sample of the extract into a column 
containing fire brick coated with the silicone oil previously men- 
tioned. The peak area was compared with the area produced 
by a similarly treated solution of the authentic aldehyde.! The 
results of these experiments are included in Tables I and II. 

Ammonia—aAscending paper chromatography was employed 
in an effort to detect the presence of ammonia in the reaction 
medium. Whatman No. 1 filter paper was used in conjunction 
with a solvent system of n-butanol, acetic acid, and water in 
volume ratios of 75:10:15. The ninhydrin solution was pre- 
pared according to Moore and Stein (7). Aqueous solutions of 
amino acids (0.02 mM) were treated with N-bromosuccinimide in 
a mole ratio of 10:1, and the reaction was allowed to proceed for 
30 minutes.2. To chromatography paper 20 ul of each of these 
solutions were applied together with standard samples. The 
chromatograms were run for 24 hours and then developed with 
ninhydrin. A colored spot corresponding to ammonia was not 
found in any of the experimental runs. 

A further attempt to detect ammonia in the reaction medium 
of amino acids treated with N-bromosuccinimide was made by 
ion exchange chromatography. The 15-cm xX 0.9-cm column 
was filled with a specially processed sulfonated styrene-8% 
divinylbenzene copolymer resin. The temperature was main- 
tained at 50°. The eluting solvent was 0,2 m citrate buffer at 
pH 5.28. 

pi-Leucine (13.12 mg, 100 umoles) and N-bromosuccinimide 
(178 mg, 1000 umoles) were added to water (5 ml) and allowed 
to react for 24 hours at room temperature. A 1-ml sample was 
mixed with 0.2 m citrate buffer (3 ml) at pH 2.2, and 2 ml of 
this buffered solution were applied to the ion exchange column. 

Almost all of the naturally occurring a-amino acids were 
treated in a similar manner. Ammonia was not detected in 
the reaction medium in any case, even though the a-amino nitro- 
gen initially present corresponded to a potential 10 umoles of 
ammonia. 

Although ammonia has been reported by others to be among 
the reaction products of the bromodecarboxylation of amino 
acids, in our experience it may be found only if insufficient 
amounts of N-bromosuccinimide are used or if the reaction 
products in solution are exposed to conditions (e.g. long stand- 
ing or heating) that cause hydrolysis of the nitrile. 


DISCUSSION 


The nitriles and aldehydes resulting from the reaction of N- 
bromosuccinimide with amino acids corresponded to the de- 
carboxylated parent amino acids; 7.e. the nitriles and aldehydes 
contained one less carbon atom than the original amino acid 
from which each was derived. Higher yields of the nitrile were 


1 It should be mentioned that aldehydes were so fully retained 
on columns of tetrahydroxyethyl ethylenediamine that quantita- 
tive estimation with such columns was not possible. We also tried 
reduction of the aldehydes to the corresponding alcohols with 
potassium borohydride. These could readily be fractionated on 
such columns, but the yields of both alcohols and nitriles were s0 
diminished as to necessitate abandonment of this procedure. 

2 Buffered solutions were not used. The initial pH in all cases 
approximated pH 4 to 4.5. In the course of the reaction, the pH 
fell to a final value of pH 2 to 2.3. 
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observed with an increase in length of the carbon chain of the 
amino acid—a relationship which is inverse to that observed in 
connection with aldehyde yields. In all of the cases studied, 
the yields of the nitriles were greater than those of the corre- 
sponding aldehydes. 

The absence of ammonia from the reaction medium is in 
agreement with a previous finding (2) that ammonium ions are 
rapidly and quantitatively oxidized to nitrogen by N-bromo- 
succinimide at 30°. According to titration studies, one mole of 
ammonia requires 1.5 moles of N-bromosuccinimide for this 
reaction, a value which agrees with theoretical calculations. 

The reaction of ammonium salts with N-bromosuccinimide 
explains the relationship between the formation of aldehydes 
and the liberation of gaseous nitrogen. The conversion of an 
a-amino acid to an aldehyde with one less carbon must involve 
the cleavage of the carbon-nitrogen bond, thus releasing am- 
monia. The ammonia is subsequently oxidized to nitrogen in 
yields corresponding to the amount of aldehyde formed. A 
strict stoichiometric relationship between yields of aldehyde and 
nitrogen does not occur because of the partial spontaneous hy- 
drolysis of some of the nitriles—a reaction which yields addi- 
tional ammonia and hence nitrogen. 

The reaction pathway suggested by Schénberg, Moubasher, 
and Barakat (3) accounts for the formation of aldehyde only. 
From the mole ratio of N-bromosuccinimide to amino acid used, 
it was indicated that about 1 mole or less of N-bromosuccinimide 
was sufficient to decarboxylate each mole of amino acid. How- 
ever, titration studies on the consumption of the reagent (2) 
show that at least 2 moles of N-bromosuccinimide are required 
for complete reaction with amino acids such as alanine, leucine, 
and phenylalanine. In addition, the formation of ammonium 
ions from the reaction of free amino acids would require a further 
consumption of N-bromosuccinimide. Since it has been re- 
ported that ammonium ions are rapidly oxidized to nitrogen by 
N-bromosuccinimide (2), ammonium ions would be present in ap- 
preciable amounts only when insufficient N-bromosuccinimide 
was used for the decarboxylation of an amino acid. Ammonium 


RCH(NH.)COOH [RCH(NH,)Br] + CO, 
I 
NBS 
(RCH(NH:2)Br] RCN 
| 0° 
RCHO + NH,Br 3N2 + 
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ions or ammonia would also arise from any further treatment of 
the reaction medium that would cause hydrolysis of the nitriles. 

All the evidence from this present study and from the work of 
previous investigators suggests the following scheme for the 
oxidation of amino acids by V-bromosuccinimide. 

The fact that N-bromosuccinimide is stable in water for over 
24 hours (2) indicates that hypobromous acid which would oxi- 
dize amino acids is not first formed. In either case, however, 
the bromine would enter the reaction as positively charged bro- 
mine. The initial point of attack is assumed to be the a@ car- 
bon rather than the amino group because the reaction still 
occurs when both hydrogen atoms of the amino group are sub- 
stituted with alkyl groups (8). 

Hydrolysis of the intermediate I would lead to the formation 
of an aldehyde and ammonia. The ammonia would then con- 
sume 1.5 moles of N-bromosuccinimide and evolve 0.5 mole of 
nitrogen. This reaction pathway is most characteristic of the 
lower amino acids (short side chains). Further bromination of 
I, instead of hydrolysis, may result in the formation of a dibromo 
intermediate which then loses 2 moles of hydrobromic acid and 
forms a nitrile. The formation of nitriles is greatest from the 
longer chain amino acids. 


SUMMARY 


N-Bromosuccinimide reacts with aqueous solutions of some 
a-amino acids at room temperature to form the nitrile corre- 
sponding to the decarboxylated parent compound. In addition, 
smaller amounts of aldehyde with one carbon less than the orig- 
inal amino acid may be formed. The formation of the aldehyde 
is accompanied by the liberation of ammonia which is rapidly 
oxidized to nitrogen by excess .V-bromosuccinimide. 

This study provides a new method for the conversion of a- 
amino acids to nitriles with one less carbon than the amino acid. 
The reaction proceeds rapidly and in good yield in aqueous 
media at room temperature. 
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The purification of carbamy] phosphate synthetase from frog 
liver has been described in a previous publication (1). This 
preparation of the enzyme has been employed as an antigen for 
the production, in both a goat and in rabbits, of antisera which 
were in turn used for the isolation of carbamyl phosphate syn- 
thetase from the livers of metamorphosing tadpoles (2). The 
present communication describes the separation from these 
antisera of antibodies which were 100% precipitable by the frog 
enzyme. The behavior of the purified frog carbamyl phosphate 
synthetase in the precipitin reaction with these antibodies has 
been applied as a criterion of the homogeneity of the enzyme 
preparation. Also, the purified antibodies have been hydrolyzed, 
according to the procedure of Porter (3), to univalent fractions 
which have been used to study the inhibition of the enzymatic 
activity. The rabbit antibody was observed to cross-react with 
preparations of carbamyl phosphate synthetase from the livers 
of many unrelated species of ureotelic animals. 


EXPERIMENTAL PROCEDURE 
Production of Antisera 


The immunization of the goat is described elsewhere (2). 
Three rabbits were immunized according to the following sched- 
ule: (a) frog carbamyl] phosphate synthetase (3.5 mg) prepared 
by the procedure described in (1) and mixed with Freund’s 
adjuvant (4) was injected subcutaneously into the interscapular 
region three times at weekly intervals; (6) in the fourth week 1 
mg of enzyme in 0.15 m NaCl was injected intravenously; (c) 
in the fifth week 30 ml of blood were removed by cardiac 
puncture from each rabbit and the steps in (6b) were repeated; 
(d) in the sixth week the animals were bled again and 2 days 
after the bleeding 2.5 mg of enzyme were injected intravenously; 
(e) in the seventh week the animals were bled and 2 mg of the 
enzyme, adsorbed on alumina gel, were injected once subcutane- 
ously and three times intravenously at 2-day intervals; (f) in 
the ninth week the animals were bled; (g) in the eleventh week 
the injection schedule followed in (e) was repeated; and (h) in 
the thirteenth week the animals were exsanguinated and all of 
the sera collected from the three rabbits was combined. 

The 7y2-globulin fractions from both the goat and rabbit anti- 
sera were isolated by the procedure of Nichol and Deutsch 
(5) and were dissolved in approximately half the original serum 
volume of 0.15 m NaCl. 


* This study was supported in part by grants from the National 
Cancer Institute, National Institutes of Health, United States 
Public Health Service (No. C-3571), and the Wisconsin Alumni 
Research Foundation. 


Purification of Carbamyl Phosphate Synthetase from 
Livers Other than Frog 


The enzyme was in all cases extracted from the washed residue 
of liver according to the procedure used in the preparation of the 
enzyme from frog liver (1); t.e. the residue was extracted twice 
with a volume of 0.1% cetyltrimethylammonium bromide equal 
to 3 times the weight of the liver sample. Because of the in- 
stability of the enzyme from mammalian liver (6), the remainder 
of the procedure for the isolation of the frog enzyme could not 
be applied. None of the preparations of carbamy] phosphate 
synthetase described below could be considered pure. However, 
in no case did they give a precipitate with a y-globulin fraction 
from nonimmunized rabbits and in every case the enzymatic 
activity was inhibited by the antibody and removed from solu- 


tion by precipitation with the antibody. Therefore, even though 


the enzyme preparations were not pure, they were considered 
satisfactory for studying their cross-reactions with the antibody 
to the frog enzyme. In spite of their instability in solution, all 
of the preparations have retained their enzymatic activity for 
several months, at least, as suspensions in ammonium sulfate 
stored at 4°. 


Rat Carbamyl Phosphate Synthetase—The initial extract con- 


tained 180 units per g of liver and had a specific activity of 9.6. 
For the definition of units see (1). The enzyme was precipitated 


by the addition of solid ammonium sulfate to 2.6 m. The pre- | 
cipitate was suspended in 1.9 M ammonium sulfate, adjusted to | 


pH 7.2, to give a protein concentration of 1%. The suspension 
was stirred for 30 minutes, then centrifuged, and, finally, the 
enzyme was precipitated from the extract by the addition of 
solid ammonium sulfate to 2.3 m. The yield was 55%; specific 
activity was 16. 

Beef Carbamyl Phosphate Synthetase—This preparation was 4 
by-product of the preparation of ornithine transcarbamylase; 
therefore, only the first extract of the washed residue was used. 
Otherwise the procedure was essentially the same as for the rat 
enzyme. However, the final yield per g of liver was only 25% 
of that from the rat liver and the specific activity was 7.9. A 


slight further increase in specific activity was obtained at a sacri- ; 


fice of 50% of the yield by collecting the fraction precipitating 
between 2.0 and 2.3 mM ammonium sulfate. This preparation 
had a specific activity of 9.7. 

Rabbit Carbamyl Phosphate Synthetase—The extract of rabbit 
liver contained 60 units per g with a specific activity of 7.1. 
The procedure for the purification of the enzyme was the same 


as that from rat liver. The yield was 40 per cent; specific a¢- 


tivity was 10.7. 
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Turtle Carbamyl Phosphate Synthetase—The enzyme from this 
source appeared to be as stable as that from frog liver. The 
initial extract contained 54 units per g and specific activity was 
8, This extract was precipitated with 40% acetone at —8°. 
The precipitate was suspended in 1.9 M ammonium sulfate, ad- 
justed to pH 7.2, to give a protein concentration of 1%. The 
suspension was stirred for 30 minutes and then clarified by cen- 
trifugation. The enzyme was precipitated from the supernatant 
layer by the addition of ammonium sulfate to 2.2 m. At this 
stage the yield was 50% and the specific activity was 17. The 
precipitate was dissolved and dialyzed against a mixture of 0.02 
m Tris-HC1:0.005 m MgCl., pH 7.5. The dialyzed preparation 
was chromatographed on DEAE-cellulose (7) equilibrated with 
the buffer used for the dialysis. The dialyzed solution, con- 
taining 35 mg of protein, was applied to a column 1 X 10 cm. 
The enzyme was eluted with a mixture of 0.02 m Tris-HCl: 
0.017 mM MgCl., pH 7.5. The final yield was 22%; specific ac- 
tivity was 20. 


Isolation of Pure Antibody 


Antibody which was 100% precipitable by the antigen was 
isolated from both goat and rabbit antisera. Two fractions 
were separated from the rabbit antisera: one was antibody which 
was precipitated by rat carbamyl phosphate synthetase, and 
the other was the remainder of the antibody which was precipi- 
tated by the frog enzyme. 

Cross-Reacting Rabbit Antibody to Rat Carbamyl Phosphate 
Synthetase—A preliminary titration established the amount of 
rat enzyme required to precipitate completely the antibody to 
the rat enzyme. Rat carbamyl phosphate synthetase (1600 
units) was added to 155 ml of the rabbit y-globulin fraction in 
a total volume of 230 ml of 0.15 m NaCl: 0.02 m Tris-HCl, pH 
7.5. The mixture was incubated for 15 minutes at 37° and 30 
minutes at 0°. The flocculent precipitate which formed was 
then removed by centrifugation and was washed 3 times with 
0.15 m NaCl. No further precipitate appeared when an addi- 
tional 200 units of the rat enzyme were added to the supernatant 
fluid and the solution was allowed to stand overnight in the 
refrigerator. 

The antigen-antibody precipitate was dissolved in 150 ml of 
sodium formate, °'/2 = 0.02, pH 3.25 (8). An aliquot of 75 ml 
was applied to each of two columns of carboxymethylcellulose 
2 X 17 cm (7) equilibrated with the same buffer. The antibody 
was eluted with 0.05 m sodium phosphate, pH 7.0, and appeared 
in the fractions from 175 and 275 ml. The carbamyl phosphate 
synthetase was denatured and precipitated on the column and 
was eluted only by 0.01 n NaOH. On the assumption that pure 
rat carbamyl phosphate synthetase has the same specific activity 
as the enzyme from frog, one can calculate the amount of anti- 
body in the precipitate to have been 170 mg; 110 mg were re- 
covered from the column. The fractions containing the antibody 
were dialyzed against 0.05 m NaCl. Then the protein was pre- 
cipitated with 40% acetone at —8° and the precipitate was 
dissolved in 0.15 m NaCl. 

Rabbit Antibody to Frog Carbamyl Phosphate Synthetase—A 
solution containing 86 mg of frog carbamy] phosphate synthetase 
was added to the supernatant solution of the rabbit y-globulin 
after absorption of the latter with rat enzyme. This amount of 
antigen was sufficient to remove all the remaining antibody; 243 
mg of antibody precipitated. The antibody was isolated from 
the antigen-antibody precipitate by the procedure described 
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above and 174 mg of antibody were recovered from the column. 
The eluate from the column was concentrated by dialysis against 
polyvinylpyrrolidone. 

Goat Antibody to Frog Carbamyl Phosphate Synthetase—The 
procedure was similar to that used for the isolation of the rabbit 
antibody. Since the yield of antibody relative to the amount of 
carbamyl phosphate synthetase required to precipitate it was 
greater when the antibody to antigen ratio of the precipitate was 
high, and since the enzyme was the scarcer material, the antibody 
was precipitated with an amount of antigen which would give a 
ratio in the precipitate of 4 rather than at the concentration of 
antigen required to precipitate the antibody completely. A solu- 
tion containing 80 mg of the frog enzyme was added to 125 ml of 
the goat y2-globulin fraction in a total volume of 250 ml. The 
precipitate contained 280 mg of antibody; 177 mg were recovered 
from the column. 


Digestion of Antibody by Papain 


Rablhit Antibody to Frog Carbamyl Phosphate Synthetase—The 
procedure was the same as that of Porter (3) except that the 
digestion was allowed to proceed for only 4 hours at 37°. After 
15 minutes’ digestion the antibody (110 mg) no longer formed a 
precipitate with the antigen. The crystalline precipitate which 
formed in the hydrolysate was removed since it could not be dis- 
solved in the buffer used for the subsequent chromatography. 
The protein (88 mg) remaining after removal of the crystalline 
precipitate was chromatographed on carboxymethylecellulose. 
The fractions are designated according to Porter (3). Protein 
was determined by the method of Lowry et al. (9) with rabbit y2- 
globulin asa standard. Fraction I contained 32 mg; Fraction II, 
33 mg; and Fraction III, 7.9 mg. Fraction III is the crystalline 
material which was largely removed before the chromatography 
and contained no antibody activity (3). The fractions were con- 
centrated by dialysis against polyvinylpyrrolidone. Fraction I 
was rechromatographed on DEAE-cellulose and emerged as a 
single peak. 

Cross-Reacting Rabhit Antibody to Rat Carbamyl Phosphate 
Synthetase—From the digest of the purified antibody (44 mg) a 
crystalline precipitate (12 mg) was removed after dialysis. The 
remaining protein (28 mg) was chromatographed; 7.5 mg were 
recovered in Fraction I and 15.7 mg in Fraction II. 

Goat Antibody to Frog Carbamyl Phosphate Synthetase—The 
goat antibody (80 mg) was digested in the same way as the rabbit 
antibody. After 90 minutes’ digestion it would no longer pre- 
cipitate frog carbamyl phosphate synthetase. No protein was 
lost in the digestion and subsequent dialysis and a crystalline 
precipitate did not form. The dialyzed digest was applied to a 
column of carboxymethylcellulose 1.3 x 30 cm equilibrated with 
0.01 m sodium acetate, pH 5.5. The protein was eluted by means 
of a gradient formed in a closed system consisting of a 285-ml 
mixing vessel filled with the buffer with which the column was 
equilibrated, and a reservoir of 0.9 m sodium acetate, pH 5.5. 
No protein corresponding to Fraction I from the rabbit y-globulin 
appeared when the column was washed with the buffer with 
which it was equilibrated. The gradient was started at 70 ml. 
A single peak appeared from 135 to 190 ml which contained 68 
mg of protein. This was concentrated by dialysis against poly- 
vinylpyrrolidone. The purified antibody had an s2,,, = 7.07 at 
a protein concentration of 0.89% in 0.1 m sodium phosphate, pH 
6.8. The digested antibody still contained 10% unhydrolyzed 
protein; the remainder had an s0,, = 3.83 at a protein concen- 


; 
| 
he 
al 
in- | 
ler 
ot | 
ate | 
er, | 
on | 
tic 
lu- | 
gh 
CU 
ay 
all 
for 
ate | 
| 
).6. 
re- | 
to 
100 
he 
ifie 
rat 
A} 
Ing 
ion 
at- 


720 


tration of 1.17% in the same buffer. This value is about the 
same as the sedimentation constants of the fractions recovered 
from the digested rabbit antibody by Porter (3). 

Precipitin Reaction 

The quantitative precipitin reactions were carried out essen- 
tially according to the procedure of Heidelberger and Kendall as 
described in Kabat and Mayer (10). Increasing amounts of 
antigen were added to a constant amount of antibody in a total 
volume of 0.5 ml containing 0.15 m NaCl and 0.02 m Tris-HCl, pH 
7.5. The tubes were incubated for 15 minutes at 37° and over- 
night in the refrigerator. The precipitates were washed 3 times 
with 0.5 ml of 0.15 m NaCl, after which they were digested with 
0.4 ml of 10 n H.SO, containing 0.1°% CuSeO,. The digest was 
cleared by the addition of a drop of H.O2, water was added, and a 
suitable aliquot was analyzed for ammonia with Nessler’s reagent 
(11). 

One-third of the supernatant fluid was tested for the presence 
of antigen by the addition of 0.1 ml of antibody; the remainder 
was tested for the presence of antibody by the addition of antigen 
(1 wg of N). 


Determination of ’nzyme Activity 


In general, enzyme activity was measured by the method de- 
scribed previously (1); but, when greater sensitivity was required, 
fixation of CO, into an acid-stable form was used as an assay. 
The enzyme was incubated in a volume of 1 ml with NH,Cl, 5 
pmoles; NaHC"*O;, 10 umoles (1.2 10° ¢.p.m. per umole); and 
with the remaining constituents present to the same extent as in 
the usual assay. At the end of the incubation 0.4 ml of 2 nN HCl 
was added and an aliquot was plated, dried, and counted. 


RESULTS | 

The curves for the precipitin reactions of frog and rat carbamy] 
phosphate synthetase with the goat and rabbit y2-globulin frac- 
tions and with the corresponding purified antibodies are recorded 


in Figs. 1 to 3. Inorder that comparisons might be made among 
different preparations of antibody, the results are reported as the 
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Fic. 1. Precipitin reactions of frog carbamy] phosphate synthe- 
tase with the goat y2-globulin fraction and the purified goat anti- 
body. y2-Globulin-N (440 wg) and the purified antibody-N (44.6 
ug) were used. The data are presented as the amount of protein- 
N precipitated by 1 wg of antibody-N. As indicated in the text, 
the y2-globulin fraction contained 9.1% antibody and the purified 
antibody was 100% precipitable. 
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Fic. 2. Precipitin reactions of frog carbamyl phosphate syn- 
thetase with the rabbit +2-globulin fraction and the purified rab- 
bit antibody to the frog enzyme. +2-Globulin-N (315 ug) and the 
purified antibody-N (34.9 ug) were used. The data are presented 
as the amount of protein-N precipitated by 1 ug of antibody-N. 
As indicated in the text, the y-globulin fraction contained 19.3% 
antibody and the purified antibody was 86% precipitable. 
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Fic. 3. Precipitin reactions of the rabbit antibody which cross- 
reacted with rat carbamy] phosphate synthetase with the frog and 
rat enzymes. Antibody-N (43.6 ug) was used. The data are 
presented as the amount of protein-N precipitated by 1 ug of 
added antibody-N. 


amount of protein-N which would have been precipitated by 1 
ug of antibody-N. This was done by dividing the values for the 
amount of nitrogen precipitated and antigen added by the total 
amount of antibody-N present. 

The curves for the precipitin reactions of frog carbamy] phos- 
phate synthetase with the goat 7.-globulin fraction and with the 
antibody purified from it are shown in Fig. 1. In neither case 
could antigen and antibody be detected simultaneously in the 
supernatant fluid after removal of the precipitate. However, 
with the globulin fraction as a source of antibody, at least a trace 
of antibody was present in the supernatant fluid with the addition 
of up to 0.445 ug of antigen-N. A trace of antigen was present 
at 0.527 ug of antigen-N. On the other hand, with the purified 
antibody there was an equivalence zone from 0.362 to 0.499 yg of 
antigen-N. With the purified antibody the sum of the antibody- 
N plus the antigen-N exactly equalled the nitrogen precipitated 
throughout the equivalence zone; 7.e. the purified antibody was 
100% precipitable (see Table I). Within the equivalence zone 
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the ratio of antibody-N to antigen-N varied from 2.8 to 2.1. 
These low ratios were to be expected because the molecular 
weight of the enzyme is 320,000.' Since there was experiment- 
ally no equivalence zone with the y-globulin fraction, its anti- 
body content could not be determined precisely. The com- 
position of the precipitate at the point midway between the 
transition from antibody to antigen excess was used to estimate 
it. On this basis the y.-globulin fraction contained 9.1% anti- 


The goat antibody did not cross-react with carbamy] phosphate 
synthetase from any of the other sources mentioned in this paper. 
Of the three rabbit antisera to frog carbamy] phosphate synthe- 
tase which have been prepared, two did cross-react with enzy- 
matically active extracts from the livers of a great variety of 
ureotelic animals, including rat, monkey, salamander, and turtle, 
but did not react with comparable extracts from the chicken or 
several species of fish, all of which are nonureotelic and are known 
not to have carbamy! phosphate synthetase activity (12). The 
antiserum which did not cross-react came from rabbits which had 
not been immunized for as prolonged a period as had the animals 
which provided the serum described in this report. The rabbit 
antibody was divided into two fractions, that which cross-reacted 
with the rat enzyme and the remainder which was precipitated 
by the frog enzyme. The purified antibody which cross-reacted 
with the rat enzyme contained essentially all of the antibody 
which was capable of cross-reacting with the enzyme from the 
other sources. 

Fig. 2 shows the precipitin reactions of the frog enzyme with 
the rabbit y2-globulin fraction and the purified rabbit antibody to 
frog carbamyl phosphate synthetase. The supernatant fluids 
were cloudy at the last four points in the antigen-excess region in 
both cases, and additional incubation did not result in flocculation 
of this turbidity. The equivalence point with the y-.-globulin 
fraction came at 0.236 wg of antigen-N where 19.3% of the y:2- 
globulin-N was precipitated. At this point the ratio of antibody- 
N to antigen-N was 4.2. With the purified antibody to frog 
carbamyl phosphate synthetase there was an equivalence zone 
from 0.295 to 0.573 wg of antigen-N. Within this region the 
ratio of antibody-N to antigen-N fell from 3.9 to 1.7. Of the to- 
tal purified antibody-N, 86% was precipitable. 

Fig. 3 shows the precipitin reactions of the purified antibody 
which cross-reacted with rat carbamyl phosphate synthetase in 
both the frog and the rat enzymes. It should be noted that the 
results of both of these reactions are reported as the nitrogen pre- 
cipitated by 1 wg of added antibody-N rather than of maximally 
precipitable antibody-N. This purified antibody was 100% pre- 
cipitable by the frog enzyme (see Table I) so that the two pro- 
cedures are equivalent in this case; but it was not completely 
precipitated by the rat enzyme since antibody to the frog enzyme 
could still be detected in the supernatant fluid at 0.451 ug of rat 
enzyme-N, which was the equivalence point for the reaction with 
the latter enzyme. With the frog enzyme there was an equiva- 
lence zone from 0.229 to 0.479 ug of antigen-N with a ratio of 
antibody-N to antigen-N of from 4.3 to 2.0. The rat enzyme 
preparation was not, of course, pure; it had a specific activity 
that was approximately one-half that of the purified frog enzyme. 

A comparison was made between the appearance of antigen and 
enzymatic activity in the supernatant fluid after the precipitate 
had been removed. One should not have been present without 


To be published. 
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the other if the enzyme preparation was pure. However, this 
test can be a satisfactory criterion of purity only if the sensitivity 
of the methods available for detecting antigen and enzymatic 
activity are comparable. The test for antigen excess detects not 
only free antigen but also soluble antigen-antibody complexes. 
Since, as will be shown subsequently, carbamyl phosphate syn- 
thetase was at least partially inhibited by the formation of soluble 
complexes with its antibody, it was necessary to resort to a more 
sensitive assay for enzymatic activity than that usually used. 
This involved measuring the fixation of CO, into an acid-stable 
form. The procedure is described in the “Experimental Proce- 
dure”’ section. The results of the experiment are recorded in 
Table II. Because of the lability of the enzyme, the tubes could 
not be left overnight as in the procedure for the quantitative 


TaBLeE I 
Comparison between protein-N added and protein-N precipitated 
with purified antibodies in equivalence zone of 
precipitin reactions 


Frog carbamyl : 
Experiment No. | N N precipitated 
added | 
ug | ug us us 
I* 16.1 | 44.6 60.7 60 
19.2 | 44.6 63.8 63.5 
a2 | «an 66.8 68 
9.9 | 43.6 53.5 52.5 
13.5 43.6 57.1 58 
17.1 43.6 60.7 60.5 
20.7 43.6 64.3 63 


* Purified goat antibody to frog carbamyl phosphate synthe- 
tase was used. 

t Rabbit antibody which cross-reacted with rat carbamyl phos- 
phate synthetase was used. 


TABLE II 


Comparison between appearance of antigen and enzymatic activity 
in supernatant fluid 

Increasing amounts of frog carbamyl phosphate synthetase 
were added to the pure rabbit antibody to frog carbamy] phos- 
phate synthetase (105 ug of N). The tubes were incubated for 5 
minutes at 37° and for 30 minutes at 0°; the precipitate was re- 
moved by centrifugation, washed 3 times with 0.15 m NaCl, and 
analyzed for N. A 0.1-ml aliquot of the supernatant fluid was 
assayed for enzymatic activity by measuring the fixation of CO. 
into an acid-stable form as described in the ‘‘Experimental Pro- 
cedure’’ section. The remainder of the supernatant fluid was 
tested for antigen excess. 


phosphate synthetase-N| "natant Guid” | Precipitated | fixed 

Mg c.p.m 
22.9 110 + 
28.6 ee 118 5 
37.2 126 5 
42.9 132 11 
51.5 + 124 197 
57.2 + 126 521 

5.7* 879 


* No antibody added. 
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Fic. 4. Inhibition of frog carbamyl phosphate synthetase by 
(a) goat ye-globulin fraction, (b) purified goat antibody, and (c) 
papain-digested antibody. Increasing amounts of antibody were 
added to frog carbamyl phosphate synthetase (6.8 ug N) in the 
assay medium in a volume of l ml. The tubes were incubated for 
15 minutes at 37°, 3 ml of 5% trichloroacetic acid were added, and 
a 2.0-ml aliquot was analyzed for citrulline. 


T T T T T T 
35-GLOBULIN CANTIBODY-N x0.5) 
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FROG ENZYME 
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N 


ANTIBODY-N 


Fic. 5. Inhibition of frog carbamy] phosphate synthetase by the 
rabbit ye-globulin fraction, by rabbit antibody which cross-re- 
acted with rat carbamyl phosphate synthetase and Fractions I 
and II derived from its digestion, and by rabbit antibody to frog 
carbamyl! phosphate synthetase and Fractions I and II derived 
from it. In the first four cases, 4.2 ug of frog carbamyl phosphate 
synthetase-N were used and, in the last three, 4.8 ug. Otherwise 
the experimental details are the same as recorded in the legend to 
Fig. 4. 


precipitin reactions. Asa result, at the highest levels of antigen 
the supernatant fluids were cloudy and antigen could be detected 
in them at a lower concentration of added antigen than was the 
case when the tubes were incubated for the longer time. Never- 
theless, it is apparent that enzymatic activity could be detected 
in the supernatant fluid only when antigen was present and vice 
versa. 

An attempt was made to determine the homogeneity of car- 
bamyl phosphate synthetase by means of the agar-gel diffusion 
technique of Ouchterlony (13). However, no precipitin zone 
formed over a period of a week and the enzyme solution in the 
wells gradually turned cloudy. 

All of the antibody preparations inhibited the frog enzyme. 
The results are presented in Figs. 4 and 5. In the case of the 
goat y2-globulin fraction, the percentage of antibody calculated 
from the extent of inhibition of the enzyme by the y-globulin 
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fraction relative to the extent of inhibition by the purified anti- 
body agrees with the antibody content determined from the 
precipitin reaction. In order to eliminate precipitation as a fac- 
tor in the inhibition, the three different antibody preparations 
were digested with papain to univalent fragments which could 
not form a precipitate with the enzyme. The crystalline fraction 
from the rabbit antibody, which had no antibody activity, was 
discarded. Fractions I and II were as inhibitory on a weight 
basis as was the purified antibody (Fig. 5). The same was ap. 
proximately true of the single component which could be isolated 
from the hydrolysate of the goat antibody (Fig. 4). Both the 
rabbit antibody which cross-reacted with rat carbamyl phosphate 
synthetase and its digestion products were approximately twice 
as inhibitory as were the rabbit antibody to frog carbamy1 phos- 
phate synthetase and its fractions. Porter has reported that the 
univalent fractions isolated from the papain digest of rabbit anti- 
body inhibit the precipitation of the antigen by its antibody (3), 
Not only was this true with the purified antibodies described here, 
but it was also observed that Fraction II from the antibody 
which cross-reacted with rat carbamy! phosphate synthetase in- 
hibited the precipitation of the frog enzyme by the purified rabbit 
antibody to frog carbamyl phosphate synthetase equally as well 
as did Fraction II from the latter antibody. 

As in the case of the frog enzyme, the rat enzyme was inhibited 
to the same extent by the purified antibody which cross-reacted 
with rat carbamyl phosphate synthetase and by Fractions I and 
II isolated from it. On the assumption that the rabbit y2-glob- 
ulin fraction contained 7% antibody to the rat enzyme, the exper- 
imental curve for the inhibition of rat carbamyl] phosphate syn- 
thetase by the y2-globulin fraction coincides with that of the 
purified antibody. This is to be compared with a total of 19% 
antibody to the frog enzyme. The inhibition of carbamy] phos- 
phate synthetase from beef, rabbit, turtle, and rat liver by Frac- 
tion II of the antibody which cross-reacted with the rat enzyme 
is shown in Fig. 6. In the case of the rabbit enzyme, Fraction 
II was 50% more inhibitory than Fraction I, but with the other 
enzymes there was little difference between the two fractions. 
The enzyme from mammalian sources was not inhibited at all 
by the fractions isolated from the digest of the rabbit antibody to 


frog carbamyl phosphate synthetase, and they were only 10% . 


as effective in inhibiting the turtle enzyme as were the fractions 
from the antibody which cross-reacted with rat carbamyl] phos- 
phate synthetase. 
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Fic. 6. Inhibition of carbamyl phosphate synthetase from 
sources other than frog liver by Fraction II of the papain-diges 
rabbit antibody which cross-reacted with rat carbamy] phosphate 
synthetase. The experimental details are the same as recorded 
in the legend to Fig. 4. 
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DISCUSSION 


Until very recently, there has existed no satisfactory general 
method for isolating pure antibody. It was known that the 
antigen-antibody precipitates would dissolve at sufficiently acid 
and alkaline pH’s, and Singer and Campbell (8) had established 
that the two proteins were more or less completely dissociated 
below pH 3.2. The difficulty lay in separating one from the 
other. Recently Singer et al. (14) have presented a method for 
precipitating the antigen selectively at an acid pH leaving in 
solution the pure antibody. The method reported here for iso- 
lating pure antibody to carbamyl phosphate synthetase was 
developed before their paper was published; and, although it may 
not be generally applicable to the isolation of antibody, it is ex- 
ceedingly simple. The method apparently depends upon the 
enzyme being denatured by the acid conditions necessary to dis- 
solve the precipitate. As the pH is raised the denatured enzyme 
is precipitated on the column. Whatever the basis of the separa- 
tion, the enzyme protein could not be eluted from the column 
except by alkali. The yield of antibody from the goat y2-globulin 
fraction was 46% of the total and 63% of the antibody precipi- 
tated. (It has been pointed out that some of the antibody was 
sacrificed to conserve antigen.) The over-all yields from the 
rabbit y2-globulin fraction were more difficult to estimate because 
they were divided into two fractions; but it can be said of both 
fractions that approximately 70% of the antibody precipitated 
was recovered from the column. 

The question arises as to whether the antibody had been modi- 
fied during the process of purification. Since the yield was not 
100% and since with the goat y2-globulin some antibody was 
deliberately sacrificed, it is possible that a fraction of the anti- 
body was selected which had a combining ratio different from 
that of the original y-globulin fraction. This also holds true for 
the two fractions which were separated from the rabbit serum; 
neither fraction alone would necessarily be expected to behave 
identically with the original y-globulin fraction from which they 
were isolated. Actually the goat y2-globulin fraction and the 
antibody purified from it did behave identically as inhibitors of 
the activity of the frog enzyme and the same was true of the 
rabbit y2-globulin fraction and the antibody which cross-reacted 
with rat carbamyl phosphate synthetase as inhibitors of the rat 
enzyme. Also the precipitin reactions of the y-globulin fractions 
and the purified antibodies were approximately the same through 
the equivalence zone. Although the purified antibodies ap- 
peared to give more precipitate in the antigen excess region, this 
may have been primarily a consequence of the precipitation not 
being complete; the supernatant fluids in this region were cloudy, 
particularly in the case of the y-globulins, even after the tubes 
had been allowed to stand for several days. The one real dif- 
ference observed was a broader equivalence zone with the puri- 
fied antibodies than with the y-globulin fractions. 

Both Porter (3) and Putnam et al. (15) have reported that the 
hydrolysis of rabbit y-globulin by papain leads to equal propor- 
tions of three different fractions with sedimentation constants of 
approximately 3.5. The same results were observed in the case 
of the hydrolysis of the pure rabbit antibody to frog carbamy] 
phosphate synthetase, but the antibody which cross-reacted with 
the rat enzyme gave twice the yield of Fraction II as of Fraction 
I. When the fractions from a single source were compared, both 
were equally effective as inhibitors of carbamyl phosphate syn- 
thetase from all sources except that from the rabbit and, to a 
slight extent, that from the turtle. The cleavage of y-globulins 
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into high molecular weight fragments by papain (3, 15) or other 
proteolytic enzymes (16) in the presence of cysteine appears to be 
a general phenomenon. However, the nature of the hydrolysis 
products differs with the species. Human y-globulin gives only 
two fractions (15). As reported here, the goat y2-globulin frac- 
tion gives a single, chromatographically homogeneous compo- 
nent, at least under the conditions used for the hydrolysis. Nev- 
ertheless, in all three cases the sedimentation constants of the 
fractions are approximately the same. 

The fact that the univalent fractions were equally as inhibitory 
on a weight basis as the purified antibody rules out the possibility 
that the inhibition of the enzymatic activity was due to forma- 
tion of a precipitate. This still leaves open the question of the 
specificity of the inhibition. 

The diversity of species from which cross-reacting enzymes 
were obtained makes it attractive to speculate that the inhibition 
might be due to a combination of the antibody with the active 
site of the enzyme, common to all of the carbamyl phosphate 
synthetase preparations. However, there is no compelling evi- 
dence to support this view. Carbamyl phosphate synthetase 
was not, as is the case with several enzymes (17), protected by its 
substrates from inhibition by the antibody; prior incubation with 
either ATP + Mg*t+, or acetylglutamic acid, both of which are 
known to be bound to the enzyme in the absence of the other 
substrates,! had no effect on the inhibition, nor did the order of 
addition of antibody and enzyme to the assay medium. But at 
least it is apparent that combination of the antibody with some 
sites was more effective than with others in inhibiting the enzyme 
since the antibody which cross-reacted with rat carbamyl phos- 
phate synthetase was a better inhibitor than the antibody re- 
maining after absorption of the y-globulin fraction with the rat 
enzyme in spite of the fact that there was little difference in the 
precipitin reactions of the two antibody preparations. 

The extent of the cross-reactions is in contrast to the con- 
clusion drawn from previous studies that cross-reactions neces- 
sarily depend on taxonomic relationships (17). That the rabbit 
enzyme would cross-react with the rabbit antibody was not antici- 
pated during the immunization so the rabbits were not examined 
for any pathological change which might have occurred as a re- 
sult of the presence of the autoantibodies. The animals showed 
no obvious ill effects from the immunization. Perhaps the fact 
that carbamyl phosphate synthetase is located in the liver mito- 
chondria made it inaccessible to the circulating antibody.’ 

The finding that carbamy] phosphate synthetase is not species 
specific in its immunological behavior is of evolutionary signifi- 
cance from the standpoint of the emergence of ureotelism. 

Although the chromatographic behavior of the frog carbamy] 
phosphate synthetase preparation and the fact that it sedimented 
in the ultracentrifuge as a single boundary had suggested that 
the preparation was essentially homogeneous (1), electrophoresis 
had shown two components, the major one of which made up 
87% of the total.!. Separation and assay of the electrophoretic 
components revealed that all the enzymatic activity was associ- 
ated with the major component.' The following consideration, 
based on the behavior of this preparation in the precipitin re- 


2 Since this manuscript was submitted, carbamy] phosphate syn- 
thetase activity was determined in the liver of a rabbit which had 
been immunized with frog carbamyl phosphate synthetase and 
which produced antibody capable of cross-reacting with rabbit 
carbamyl] phosphate synthetase. The level of activity was found 
to be the same as that in the liver of a nonimmunized rabbit. 
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action, lends further support to the conclusion that the major 
component was the enzyme. With the purified antibodies, the 
protein-N precipitated in the equivalence zone was exactly equal 
to the sum of the added antigen plus antibody nitrogen (see 
Table I). From this, one can conclude that the preparation was 
essentially a single protein. Since the precipitation of the en- 
zymatic activity paralleled the precipitation of the antigen, it 
follows that this protein must be the enzyme. With low molecu- 
lar weight antigens, which make up only a small portion of the 
total protein precipitated, this might not be a sensitive criterion 
of the homogeneity of the antigen; but it is in this case because 
the antigen made up 30% of the protein precipitated in the 
equivalence zone. 
SUMMARY 

Antibody which was 100% precipitable by frog carbamy] phos- 
phate synthetase has been isolated from rabbit and goat antisera 
to this enzyme, and the precipitin reactions of these preparations 
have been compared. The antibody from the rabbit antiserum 
cross-reacted with the enzyme from many other species, including 
rat, rabbit, and turtle. Furthermore, the purified antibody 
which cross-reacted with rat carbamyl phosphate synthetase con- 


tained the bulk of the antibody which cross-reacted with the en-- 


zymes from all the other sources. 

The purified antibodies were hydrolyzed with papain, and the 
univalent fractions isolated from the hydrolysate were used to 
study the inhibition of the enzyme by the antibody under con- 
ditions in which precipitation was not a factor. The inhibition 


was to some degree specific since the purified cross-reacting frac- 
tion of the antibody was more inhibitory than the remaining 
antibody, but no final conclusion could be drawn as to the nature 
of the inhibition. 


- 
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It is concluded that the carbamy] phosphate synthetase prep. 
aration used in these studies behaved in the precipitin reaction as 
a single protein and that this protein was the enzyme. 
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Recent studies in this laboratory have shown (1-5) that some 
enzymes are more susceptible to inactivation in the presence of 
substrates and cofactors than others, in contrast to the well 
known stability effects of substrates on many enzymes. 

It was noted in these studies (2) that commercial malic de- 
hydrogenase varied markedly in activity and in stability de- 
pending on whether it was diluted in ammonium sulfate solu- 
tions or in water. It has been found that this effect is caused 
by the activation of malic dehydrogenase by unrelated reagents 
such as Tris-Cl-, ammonium sulfate, and the cofactor DPNH. 
The activation by these reagents varies with the purity of the 
enzyme preparation and with the physical state of the protein 
as évidenced by dialysis and by lyophilization. The reversible 
activation and inactivation of the enzyme by some of these 
treatments is illustrated in this paper. 

Some of the methods commonly used for assay of malic de- 
hydrogenase activity have been thoroughly studied. It has 
been found that inorganic phosphate remarkably stimulates 
malate formation from oxaloacetate by malic dehydrogenase, 
although no evidence has been found for stimulation of oxalo- 
acetate formation from malate. 

Finally, a method for the preparation of highly purified malic 
dehydrogenase from heart muscle has been worked out and is 
presented in this paper together with experiments iJlustrating 
the effects referred to above. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Oxaloacetic acid, malic acid, and glycine were obtained from 
the California Corporation for Biochemical Research. DEAE- 
cellulose, lot number 1038, was purchased from the California 
Corporation for Biochemical Research. DPNH, DPN, Tris, 
and lyophilized malic dehydrogenase (stock No. 410-9) were 
obtained from the Sigma Chemical Company. A nonlyophilized 
aliquot of the dehydrogenase was a gift of Mr. D. Broida who 
kindly informed us that it corresponds to Step 3 of the purifica- 
tion procedure of Straub (6) as described by Ochoa (7). The 
commercial preparation is designated as Sigma malic dehydro- 
genase in this paper. The nomenclature of Ochoa (7) for frac- 
tions of malic dehydrogenase is used in this paper, and the enzyme 


* Supported by grants from the American Heart Association, 
the Kansas Cancer Association, and the Kansas Heart Association. 


was purified as outlined by this author. Also a malic dehydro- 
genase of about 2.5 times higher activity than the Straub enzyme 
was prepared as described below. This preparation, called 
Fraction D in this paper, has the same activity as the Wolfe- 
Neilands enzyme (8) which appears to be pure by a number of 
criteria. Fresh pig hearts were obtained from Swift and Com- 
pany. Other materials were commercial products. Protein 
was estimated by the method of Lowry et al. (9). 

The standard model D Keston photoelectric polarimetric 
unit, attached to the Beckman DU spectrophotometer was used 
to measure optical rotation. A Beckman photomultiplier at- 
tachment (model 4300) and a Coleman electronic power supply 
used at 8.5 volts were employed to increase the sensitivity of the 
polarimeter. A polarimetric cell 10 cm in length was used. 
In all cases a minimum of 10 readings was taken for each point. 


Methods of Assay 


All assays were carried out at 25° in the Beckman spectro- 
photometer at 340 muy, with 1.0 cm light path cells. For clarity 
the assays will be referred to in the paper by number. 

Assay No. 1—This is essentially the method recommended by 
Ochoa (7). The reaction mixture contains 0.3 umole of DPNH, 
370 wmoles of either Tris-Cl- or potassium phosphate buffer, 
pH 7.4, and enzyme (less than 10 units), in a total volume of 
2.9 ml. The reaction is started by the addition of about 0.5 
umole of freshly prepared oxaloacetic acid in 0.1 ml. The ab- 
sorbancy change is recorded at 30-second intervals for 2 minutes. 

Assay No. 2—This is essentially the method recommended by 
Wolfe and Neilands (8) except that 270 umoles of glycine buffer 
(pH 10), 7.5 umoles of DPN, 300 umoles of sodium malate, and 
the enzyme in a 3-ml final volume are used. 

Contrary to previous reports (7), about 4-fold higher activity 
was consistently obtained in Assay No. 1 with enzyme prepara- 
tions at different steps of purification when Tris was replaced by 
phosphate buffer. However, with Assay No. 2 no difference 
was detected when glycine was replaced by phosphate buffer. 
Nevertheless, in Assay No. 2 the higher concentration of co- 
factor and substrate used might mask the buffer effect noted in 
Assay No. 1. 

Definition of Enzyme Unit and Specific Activity—The defini- 
tions of enzyme units of Ochoa (7) and Wolfe and Neilands (8) 
have been retained for consistency in this paper when Assays 
No. 1 and 2, respectively, are used. Ochoa’s units are about 5 
times larger than the Wolfe and Neilands units. The enzymatic 
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TaBLe [ 
Purification of malic dehydrogenase 
Standard conditions of Assay No. 2 as described in the text were 
used. 


1 | Specifi 
ml | 1076 mg % 
Crude extract........ 1440.0 | 135 6910 | 19,500 | 100.0 
108.5 94.3 2085 | 45,200/ 70.0 
53.2 54.8 563 | 97,100} 40.6 
C dialyzed........... 108.0 52.4 519 | 101,000| 38.8 
15.2 22.2) 88 | 251,500 16.7 
thawed......:..... 15.2) 16.2 88 173,000 | 12.0 


¢ Units are mumoles DPN reduced per minute (8). 


oxidation of DPNH under the former conditions has been cal- 
culated to be 3.8 times faster than DPN reduction by Wolfe and 
Neilands (8). Under our conditions and using phosphate buffer 
we found DPNH oxidation to be faster than DPN reduction by a 
similar factor. 


RESULTS 


Influence of Enzyme Concentration on Rate—As pointed out by 
Ochoa (7), Assay No. 1 responds proportionately to enzyme con- 
centration only within certain limits. In our experience, unless 
rigidly controlled, the method is unsatisfactory. In the present 
work the assays were made immediately upon dilution of the 
enzyme, and again (whenever possible) 5 and 10 minutes later, 
since variations in the assay do occur occasionally when the 
samples are tested at different times. We found, however, that 
much better reproducibility can be obtained by measuring DPNH 
oxidation at 377.5 mp, at which wave length the absorbancy of 
DPNH is reduced 4.93 times; when 1.3 wmoles of DPNH and 
1.5 umoles of oxaloacetic acid are used, about 5 times more en- 
zyme can be used. For example, under these conditions 0.02, 
0.040, and 0.08 decreases in absorbancy per minute were observed 
with 2, 4, and 8 wl of properly diluted malic dehydrogenase of 
the best purity prepared according to Ochoa (7). 

Much more consistent results were obtained when Assay No. 
2 was used. However, when partially inactive preparations were 
used (see below), there was always disproportionate increase in 
activity. For example, when assaying a sample of Fraction D 
(see below) with a specific activity of 265,000, 0.101 and 0.194 
increases in absorbancy per minute were obtained with 2 and 4 
wl of the enzyme preparation (containing 21.5 wg protein per 
ml). However, when the original protein solution (1.4 mg pro- 
tein per ml) was dialyzed and 2 and 4 wl tested (approximately 
300 ug protein per ml), 0.025 and 0.084 increases of absorbancy 
per minute were measured. Whether or not the consistently 
higher activity found with larger portions of partially inactive 
enzyme preparations indicates aggregation remains to be investi- 
gated. It should be pointed out that addition of serum albumin 
to the assay system was somewhat inhibitory. 

Purification of Malic Dehydrogenase—Since the purification 
procedure of Wolfe and Neilands (8) requires long periods (which 
we were unsuccessful in shortening) and since our acetone pow- 
ders! had about 3 and 20 times higher specific activity than 

1 We are unable to account for the higher specific activity of our 


acetone powders since we followed essentially the conditions of 
Ochoa (7), with the exception that a large Buchner funnel was 


Malic Dehydrogenase 


previously reported (7, 8), we attempted the further purification 
of malic dehydrogenase by modifying the conditions of Straub 
(6) and by using cellulose columns for the final step of purifica. 
tion. 

Procedure—All operations during fractionation were carried 
out at 0° and the centrifugations were at 4000 x g for 10 minutes 
in the International centrifuge, model PR-2 unless indicated 
otherwise. Ethanol (95°7) was measured and added at —20°. 

Acetone powder? of fresh pig hearts was prepared and extracted 
according to Ochoa (7). In a typical fractionation, 150 g of 
acetone powder were extracted with 0.1 mM potassium phosphate 


buffer, pH 7.4. To each 1000 ml] of this crude extract, 369 g of — 


(NH,4)2804 were added slowly with mechanical stirring. The 
stirring was continued for 45 minutes, and then the preparation 
was centrifuged for 20 minutes and the precipitate was discarded, 
To the supernatant fluid were added slowly 120 g of (NH,).S0, 
and the mixture was again stirred for 45 minutes. The mixture 
was centrifuged for 25 minutes at 9000 x g in the Lourdes Cen. 
trifuge with the use of rotor number 3RA. The precipitate was 
dissolved in 80 ml of deionized water and any insoluble materia] 
was discarded after centrifugation. The supernatant fluid (Frac. 
tion B in Table I) was adjusted to 10 mg of protein per ml. To 
each ml of this fraction were added 1.44 ml of ethanol and after 
stirring for 20 minutes the mixture was centrifuged at —15°. A 
volume of ethanol equal to the original volume of diluted Frac- 
tion B was added to the supernatant fluid. After stirring for 10 
minutes, the mixture was centrifuged at —15° and the precipitate 


was taken up in deionized water (approximately 3 of the volume | 


of diluted Fraction B). Any insoluble material was discarded 
after centrifugation. The supernatant fluid, Fraction C, was 
dialyzed for 13 hours against four changes of 2 liters of deionized 
water. Any insoluble material was removed by centrifugation. 
After dilution to a protein concentration of 3.5 mg per nl, 
20-m1 aliquots were percolated through DEAE-cellulose columns 
(approximately 0.8 X 14.5cem). The columns were washed with 
water, the first 14 ml of eluant were discarded, and the next 28 ml 
were collected and immediately concentrated by lyophilization to 
near dryness.2, The concentrated enzyme portions were collected, 
the flasks rinsed with a small amount of water, and the combined 
samples (Fraction D) were stored frozen. There was about 27% 
loss in activity after thawing. However, after the initial loss 
the enzyme remained reasonably stable in its reactions to r- 
peated thawing and freezing. Further, when left standing at 0° 
in concentrated solutions it regained its original activity (see 
below). A summary of the purification procedure is shown in 
Table I. 

Activity Changes of Partially Purified Malic Dehydrogenase 
when Preincubated with Several Reagents—It was observed origi 
nally that partially purified malic dehydrogenase preparations 
(Sigma) dissolved in ammonium sulfate, Tris-Cl,- and DPNH 
solutions*® showed higher activity than samples diluted in water. 


used for removal of water during the washings. Suction and 4 
rubber dam were used for the last washing and for removal of 
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acetone. The final air-dried product was not exhaustively ground © 


or sifted. 

2 The estimation of lyophilization is best judged by experience. 
Concentration to dryness results in an apparent extensive loss in 
enzymatic activity. However, if this happens the preparation 
can be reactivated with (NH,)2SO, as illustrated in this paper. 

3 In all experiments unless specified otherwise, all reagents used 


were at pH 7.0. Also small variations (+0.5 pH units) will not § 


influence markedly the effects presented here. 
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Sigma 


Crude Extract 


Fraction 5 


40. 80 120 160 
PREINCUBATION 
TIME IN MINUTES 


Fic. 1. Activity of malic dehydrogenase preparations when in- 
cubated with DPNH. The incubation mixtures at 0° contained 
the enzyme in 1.67 mm DPNH-16.7 mm phosphate buffer. At the 
indicated times 40 ul portions were removed and assayed immedi- 
ately under standard conditions of Assay No. 1 with Tris buffer. 
Open circles refer to incubations where 33 ug of protein per ml of 
Fraction 5 (7) were used. Closed circles refer to incubations in 
which 1 mg of protein per ml of crude extract (7) was used. Open 
triangles refer to incubations in which 360 ug of protein per ml 
of Sigma malic dehydrogenase were used. 


Further, the activity kept increasing; in general, maximal ac- 
tivity was reached between 30 and 100 minutes of incubation. at 
0°, whereas the samples kept in water retained or, in some cases, 
lost a slight amount of their initial activity. The maximal in- 
crease in activity (over the control sample in water) was about 
10-fold. These variations were ascertained by Assay No. 1 with 
either Tris or phosphate buffer. However, in the latter case the 
activities were several-fold higher as indicated above. 

Preincubation of the enzyme with Tris-Cl- at several tempera- 
tures indicated that maximal activity was reached at about 30°. 

Activation by DPNH at Several Stages of Purification—In view 
of the remarkable activation demonstrated with the crude Sigma 
preparation, it was of interest to test for activation at different 
stages of purification. As demonstrated in Fig. 1, preincubation 
of enzyme preparations of different specific activities with DPNH 
resulted in activation in all cases.4 It is noteworthy, however, 
that as shown in the figure higher activation was obtained with 
preparations which had been dried in a preceding step (acetone 
powder extracts or lyophilized preparations). It should be kept 
in mind that addition of DPNH to lyophilized preparations re- 
sulted in immediate activation. Therefore, although the total 
activation was larger than is apparent in the figure, the compara- 
tive behavior of these preparations is well illustrated. 

Influence of Lyophilization on Activity and Reactivation of Malic 
Dehydrogenase—Since the activation was so marked with the 
lyophilized Sigma malic dehydrogenase, the possibility that lyo- 
philization might influence the activation phenomenon was 
tested. As seen in Figs. 2 to 4, both lyophilized and nonlyophil- 
ized preparations at several stages of purification were activated 
during preincubation. Whereas the nonlyophilized samples of 
the same preparations have higher initial activity, as shown in 
the figure, the maximal activity of the nonlyophilized prepara- 


‘DPN also is stimulatory, but not as much as DPNH (5). 


tions can be approximated during preincubation of the lyophil- 
ized preparations. 

As indicated above and illustrated in Fig. 4, Fraction D in 
relatively concentrated solution, whether or not previously lyo- 
philized, slowly increased in activity upon standing. In more 
dilute solutions it slowly loses activity. For example, a decrease 
from 180,000 to 128,000 units was observed during a 3-hour 
period at 0° with a sample of Fraction D at a protein concentra- 
tion of 0.13 mg per ml. Although not included in the figure, 
when 1.86 mg of Fraction D (0.046 umole) were preincubated 
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PREINCUBATION 
TIME IN MINUTES 

Fia. 2. Influence of incubation with different reagents on activ- 
ity of lyophilized and nonlyophilized Sigma malic dehydrogenase. 
Standard conditions of Assay No. 1 with phosphate buffer were 
used. Lyophilized and nonlyophilized aliquots from the same 
preparation (approximately 0.2-mg protein portions which con- 
tained 165 and 510 units, respectively) were incubated at 0° with 
the reagents indicated in a total volume of 0.5 ml. At the stated 
times 4 ul portions were removed and assayed immediately. Curve 
1, enzyme in water; Curve 2, enzyme in 0.01 m Tris-Cl, pH 7.4; 
Curve 8, enzyme in 0.26 mM (NH,)2SO,, pH 7.0; Curve 4, enzyme in 
0.002 m DPNH at pH 7.0. DPNH, 1 umole, in 0.1 ml was added to 
control tubes as indicated by the arrow. 
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Fig. 3. Influence of incubation on activity of malic dehydro- 
genase (Fraction 5) under various conditions. Protein samples, 
0.5 mg, in 0.05 ml were either lyophilized directly or after mixing 
with 200 umoles of (NH,)2SO,, pH 7.0, in 0.15 ml. After lyophili- 
zation the samples were then diluted to 5.0 ml and a 0.2-ml portion 
was taken forincubation. The conditions of incubation at 0° be- 
fore assay were as follows: Nonlyophilized samples; 20 ug of en- 
zyme per ml in 0.02 m Tris-Cl- (Curve 1); in 0.02 m Tris-Cl- 0.004 mu 
DPNH (Curve 2); and in 0.004 m DPNH (Curve 3). For the lyo- 
philized preparations 33.3 ug of enzyme per ml were incubated in 
0.015 m Tris-Cl- (Curves 1); in 0.003 m DPNH (Curves 3); in water 
(Curves 4, and when indicated DPNH was added to a final concen- 
tration of 0.003 m); and in 0.4 m (NH,)2SO, (Curves 5). At the 
indicated times 10 and 4 wl were removed from nonlyophilized and 
lyophilized incubations and assayed immediately by standard 
conditions of Assay No. 1 with phosphate buffer. 
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with 1.3 umoles of DPNH in a total volume of 0.3 ml at room 
temperature, the initial specific activity of the preparation was 
121,000. At 25, 90, and 210 minutes, the specific activity had 
increased to 156,000, 174,000, and 181,000, respectively. 
Reversitility of Activation and Reactivation of Malic Dehydro- 
genase—Fraction D (179,000 units; specific activity, 124,000) in 
1.0 ml was activated with 665 uwmoles of (NH4)SO,4 In 17 
minutes of incubation the activity had increased to 276,000 units 
and the specific activity to 192,000. A portion was dialyzed 
against water for 2 hours at which time (a nondialyzed portion 
showed a specific activity of 231,000 at this time) the specific 
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Fic. 4. Activity of lyophilized and nonlyophilized malic de- 
hydrogenase Fraction D when incubated with (NH,4)2SO,. Stand- 
ard conditions of Assay No. 2 were used. Lyophilized and non- 
lyophilized enzyme portions from the same preparation (0.19 and 
0.22 mg of protein, respectively) were incubated at room tempera- 
ture with 133 umoles of (NH,)2SO,in0.4 ml. A portion of the 
lyophilized enzyme was assayed without dilution after 30 seconds 
of preincubation. Otherwise, 0.04-ml portions were removed at 
the indicated times, diluted to 0.16 ml, and 4 ul immediately 
assayed. @——@, nonlyophilized enzyme; the single point @ 
not connected by the line represents the activity of a control in- 
cubated without (NH,):SO,; O——O, lyophilized enzyme; the 
single point 0 unconnected by the line indicates the activity of a 
control incubated without (NH,4)2SO,. 
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ABSORBANCY 


200 210 220 
WAVELENGTH my 


Fig. 5. Ultraviolet absorption of Fraction D under different 
conditions. In all cases the protein concentration was 0.087 mg 
perml. Enzyme activity was determined by Assay No. 2. Curve 
1, no additions, specific activity 106,000; Curve 2 in 0.087 m (NH,);- 
SO,, specific activity, 400,000. Curve 3 in 0.01 m (NH4)2S0,, 
specific activity 300,000; Curve 4, protein exposed to ultraviolet 
light (Mineralight ultraviolet scanning lamp model No. SL 2537, 
at 2.7 cm and 0°) for 45 minutes, specific activity, 50,000 The 
appropriate solvent blank was used for each experiment. 


activity had decreased to 55,000. The dialyzed enzyme, 0.2 mg 
(frozen overnight; specific activity on thawing, 26,000), was pre- 
incubated with 200 uwmoles of (NH,4)2S0, for 10 minutes where- 
upon the specific activity increased to 944,000. 

In order to shed light on the remarkable variations in enzyme 
activity reported here several physical measurements were car- 
ried out. Ultraviolet spectral studies from 250 to 350 muy with 
enzyme preparations of several specific activities and treated in 
a number of ways failed to reveal any remarkable change under 
a variety of conditions. Recently, Imahori and Tanaka (10) 
have shown that the percentage coiling of polypeptides can be 
calculated most simply by measuring absorbancy in the low 
ultraviolet region. Although we were unable to test this tech- 
nique properly because of the lack of proper instrumentation, we 
were able, by carefully centering the light source in the Beckman 


TABLE II 
Effect of dialysis, (NH4)2SQOx4, and urea on activity and on rotatory power of malic dehydrogenase 


Fraction D was incubated in water unless otherwise indicated. 


After the treatments indicated in the table, the optical rotations 


were measured and the enzymatic activities tested by Assay No. 2. 


| 589 546 480 438 
1.48 X 10-4 | 0.5 236.5 34 41.3 | 62.2 81.0 280 Rotatory dispersion plot essentially 
linear 
1.32 X 10-4¢ 43.7; 51.8| 75.8 94.0 242 Rotatory dispersion plot essentially 
linear 
9.0 X 10-54 gee 235.0 37.5 | 46.0| 67.7) 83.5 264 Rotatory dispersion plot not very 
linear 
6 X 10-5 in 8 M urea - 4.0 0 117 139 178.3 | 201.5 143 Rotatory dispersion plot linear for the 
3 highest wave lengths 


@ The molecular weight of malic dehydrogenase of equal specific activity as used here is 40,000 (8). 


> The abbreviation used is: Ac, rotatory dispersion constant. 
¢ Dialyzed for 4 hours against deionized water at 4°. 


4 Dialyzed as above and reactivated in 0.133 m (NH,)2SO,, pH 7.0. 
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DU, to study our preparations at wave lengths as low as 200 mu. 
As shown in Fig. 5 there is a slight increase (7%) in absorbancy 
at 200 my of malic dehydrogenase, Fraction D, when inactivated 
to about 50% by exposure to ultraviolet rays (5) for 45 minutes. 
When malic dehydrogenase, Fraction D, had been activated 
about 300% with (NH,4)2SO,, the absorbancy at 200 my de- 
creased® about 20%. However, there was no absorbancy change 
after 50% inactivation by dialysis. 

Possible variations in the helical coiling of the protein were 
then explored by polarimetry. Table II presents the results of 
a typical experiment. With the use of the formulations of Yang 
and Doty (11), it has been calculated that malic dehydrogenase 
is about 93% helically coiled in the native or more enzymatically 
active state or both. Although rotatory power studies have 
been carried out with well defined proteins, few studies have 
included dehydrogenases or related rotatory power to biological 
activity (12-14). 

It is apparent from the data that the rotatory power of the 
protein is affected by the dialysis and salt treatments and that 
these effects might be related to enzymatic inactivation and reac- 
tivation. Although effects of ionic strength on rotatory power 
have been noted with clupein (12) and more interestingly with 
aldolase, which also shows variation in rotatory power upon 
dialysis (14), no data on enzymatic activity of aldolase have been 
reported. 

It was not possible to measure the effects of complete lyo- 
philization on rotatory power because of the slight turbidity of 
the preparations after lyophilization. Nor was it possible to fol- 
low accurately the enzymatic activation with DPNH because of 
the high rotatory power of this reagent. 


DISCUSSION 


As shown here, malic dehydrogenase activity can be influenced 
by a number of physical and chemical agents, including inor- 
ganic phosphate, the latter in contradiction to previous reports 
(7). It is of interest that activity measurements of the closely 
related enzyme, fumarase, are markedly influenced by anions 
(15, 16). It does not appear unlikely that similar effects, partic- 
cularly those due to lyophilization, will be found with other en- 
zymes. Enzyme reactivation by salt has been shown recently 
with carbamate kinase and sulfate (17). The marked activa- 
tion at 0° by reagents including ammonium sulfate shown in this 
paper indicates that additional caution is needed in the interpre- 
tation of purification studies. A not too uncommon finding is 
the increased yield, above 100%, in fractionation steps during 
enzyme purification. This type of observation is generally at- 
tributed to removal of inhibitors, but it is not a common practice 
to test for possible activation caused by the addition of reagents 


* Similar results were obtained in other experiments not docu- 
mented here. It is of extreme interest, however, that by Assay 
No. 2, specific activities as high as 510,000 have been obtained after 
activation with ammonium sulfate. This is about twice the speci- 
fic activity of the Wolfe and Neilands (8) preparation and of our 
best preparations before additional activation. This typifies the 


possibility that a successful salt fractionation step during purifi- 
cation may be caused by activation rather than by true purifica- 
cation, and that activation by reagents such as those illustrated 
here may be of considerable practical importance. 
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such as ammonium sulfate. In view of the differences noted in 
activation during preincubation of malic dehydrogenase, de- 
pending on protein concentration, purity, and temperature, 
caution is needed in rigidly choosing conditions for assay and 
interpreting these effects as they relate to true purification or 
activation or both. 


SUMMARY 


1. A method of purifying malic dehydrogenase from pig heart 
acetone powder is presented. 

2. Addition of inorganic phosphate, during assay of malic de- 
hydrogenase, markedly stimulates enzyme activity when measur- 
ing malate formation. 

3. The malic dehydrogenase activity of preparations at sev- 
eral stages of purification is stimulated by preincubation with 
reduced diphosphopyridine nucleotide, Tris, and particularly by 
(NH4)2SO,. 

4. When malic dehydrogenase preparations are dialyzed or 
lyophilized, an apparent decrease in enzymatic activity occurs. 
However, upon preincubation with a number of reagents, the 
activity is markedly increased to the levels of nonlyophilized 
fractions. 

5. The extreme variability of malic dehydrogenase activity 
demonstrated with reagents and treatments frequently used in 
enzyme purification may require additional caution in the inter- 
pretation of enzyme purification procedures. 

6. Optical rotation studies suggest that malic dehydrogenase 
is a highly coiled protein and that the percentage coiling is pos- 
sibly related to enzymatic activity. 
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The indispensability of zine in the catalytic action of alcohol 
dehydrogenase of yeast is apparent from the kinetics of inhibition 
in the presence of chelating agents (1-3), the incorporation of the 
isotope Zn® into the enzyme molecule during its formation (4, 5), 
and the spectrophotometric studies of the molecular stoichiome- 
try of enzyme-metal-chelate interaction (5, 6). The coenzyme, 
diphosphopyridine nucleotide, performs its stereospecific function 
of oxidation-reduction by binding to alcohol dehydrogenase at or 
near its zinc atoms, in a manner which is as yet undefined (2). 

The optical asymmetry both of proteins (7, 8) and of many 
metal chelates (9) suggested that stereochemical investigations 
might yield direct information on the conformation of the active 
centers of the enzyme. Spectropolarimetric examination of 
enzyme-metal-chelate complexes should reveal the joint contri- 
bution to total optical rotation of both the protein and of the 
metal chelate, yet should permit the segregation of these simul- 
taneous contributions into discrete components. The data_to be 
presented bear out this expectation and thus supplement views 
of the molecular composition, activity, and configuration of the 
activity center of the enzyme which have been obtained by 
sequential examination of each of these parameters (5, 10). 

The inhibition of yeast alcohol dehydrogenase by the chelating 
agent 1,10-phenanthroline is accompanied by the formation of a 
chromophore which is optically active. The ensuing changes in 
optical rotation, caused by the asymmetric zinc-phenanthrolinate 
chromophore, can be differentiated from those caused by altera- 
tions of protein conformation and are superimposed onto the 
background rotation of the native protein. A similar phenom- 
enon has been shown to occur both with other chelating agents 
and with other metalloenzymes. A preliminary account has 
been reported (11). 


EXPERIMENTAL PROCEDURE 


Twice crystallized yeast alcohol dehydrogenase was obtained 
from C. F. Boehringer and Soehne, Mannheim, West Germany. 
Before use, the enzyme was dialyzed for 5 days against 0.1 m 
phosphate buffer pH 7.5 at 4° to remove low molecular weight 
impurities which absorb radiation at 280 my. The optical 
rotatory properties of the dialysate were determined polarimet- 
rically and employed as blanks. The turnover number of such 
preparations varied from 36,000 to 40,000 moles of DPN per 


* This work was supported by grant-in-aid No. H3117(C1) from 
the National Institutes of Health of the Department of Health, 
Education, and Welfare. 

t Fellow of the National Foundation. 
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minute per mole of enzyme in 0.1 M pyrophosphate buffer at pH 
8.8, 23°, with 1.67 xk 10-3 m DPN, 0.33 m ethanol, and 4.5 x 
10-° mM enzyme. The concentration of protein was determined 
by measurement of the optical density at 280 my based on an 
absorbancy index of 1.26 mg-! cm? (12). 

_ Alcohol dehydrogenase of horse liver was obtained from the 
same source and was dialyzed for 3 days before use under the 
conditions employed for the yeast enzyme. The optical density 
at 280 my based on an absorbancy index of 0.45 mg- cm? was 
used for the spectrophotometric determination of protein con- 
centration (13). Preparations of both the yeast and the liver 
enzymes were monodisperse in the analytical ultracentrifuge. 


Solutions of 1,10-phenanthroline, 1.25 & 10-2 m (G. Frederick | 


Smith Chemical Company), of 8-hydroxyquinoline-5-sulfonic 
acid, 0.1 m (Eastman), and of Versene (disodium ethylenedi- 
aminetetraacetic acid), 0.1 mM (Fisher) were prepared in 0.1 x 
phosphate buffer and adjusted to pH 7.5 with NaOH. DPN 
(Pabst Laboratories) was 95% pure as estimated by cyanide 
complex formation (14). Sodium hydroxide, sodium dihydrogen 
phosphate, sodium pyrophosphate, ammonium carbonate, am- 
monium acetate, and 95% ethanol were all of reagent grade and 
used without further purification. Tris(hydroxymethy])amino- 
methane (Sigma) was dissolved in water and titrated to pH 74 
with metal-free HCl. Urea was recrystallized three times from 
metal-free water in the presence of Amberlite MB-1 (Fisher). 
Ionic zinc was prepared by dissolving spectroscopically pur 
zinc rods (Johnson Mathey Company) in metal-free HCL. 
Dialyses were carried out in precleaned (15) cellulose casings 
(Visking). The purification of water, chemicals, and glassware 
has been described (16). 

Enzyme incubation mixtures, used for the determination of 
activity and optical rotation, contained 5 mg per ml of enzyme 
and were kept at 4° throughout. Catalytic activity of yeast 
alcohol dehydrogenase was measured spectrophotometrically at 
23°, the rate of DPNH formation being observed at 340 mp # 
previously described (5). Immediately before assay, a sampled 
the incubation mixture was diluted 500-fold in 0.1 m phosphate 
buffer. The reaction was initiated by addition of 0.2 ml of this 
diluted enzyme solution to the reaction mixture which contained 
5 umoles of DPN, 1000 umoles of ethanol, and 0.5 ml of 0.1 ¥ 
pyrophosphate buffer at pH 8.8. 

Catalytic activity of the liver enzyme was similarly measured 
by change in optical density at 340 my upon formation of DPNH. 
A sample of the enzyme solution used for determination of optical 
rotation was diluted 100-fold in 0.1 m phosphate buffer before 
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assay at 23°. The 3.0-ml reaction mixture contained 5 umoles 
of DPN, 50 wmoles of ethanol, 0.5 ml of 0.1 mM pyrophosphate 
buffer, pH 8.8, and 0.2 ml of the diluted enzyme. 

Optical rotation was measured by means of a model 200S-80Q 
photoelectric spectropolarimeter with an oscillating polarizer 
prism (O. C. Rudolph and Sons). In the wave length range 
365 to 700 mu, a mercury lamp was used as the source of line 
spectra and a zirconium lamp for continuous spectra. At wave 
lengths shorter than 365 my, increased emission intensity was 
obtained through the adaptation of a high pressure mercury lamp 
(A-H6, General Electric Company). Water-jacketed 10-cm 
semimicro polarimeter tubes, maintained at 4° by circulation of 
water from an external bath, were employed for most of the 
measurements. When shorter tubes were required, temperature 
control was achieved by circulation of water through the housing 
of the polarimeter. A stream of nitrogen gas was directed onto 
the polarimeter tube end plates to prevent fogging. Rotation 
angles were measured by the method of symmetrical angles (17); 
under the conditions employed, the values for specific rotation 
are precise to +0.5°. Specific rotations in urea were corrected 
for the change in refractive index (18). Dispersion constants 
were obtained as suggested by Yang and Doty (19). 


RESULTS 


Yeast alcohol dehydrogenase in 0.1 mM phosphate buffer, pH 
7.5, 4°, exhibits a specific rotation, [a], of —36°. In the wave 
length range 365 to 700 muy, the rotatory dispersion curve is plain! 
with a dispersion constant, A., of 250 mu. Ina variety of buffers 
(Tris, Versene, and ammonium carbonate-acetate) and at a range 
of ionic strengths (0.01 to 0.2 m) at pH 7.5, 4°, [a], varies from 
-—35° to —39°, whereas A. does not change. The measurements 
are not affected significantly by variations in temperature from 
2 to 20°. 

The contribution of protein conformation to these optical 
rotatory properties was assessed by denaturation of yeast alcohol 
dehydrogenase with both urea and alkali (Fig. 1). Exposure of 
5 mg per ml of enzyme to 4 M urea progressively induces loss of 
catalytic activity which is complete in 50 minutes and is ac- 
compained by a decrease in [a]54s, from —40° to —79°, and a 
decrease in A. from 250 to 210 mu. Analogous changes are 
observed when identical concentrations of enzyme are denatured 
by dialysis against buffer of increasingly alkaline pH, as is ap- 
parent from Fig. 1. Denaturation of this enzyme, as that of 
most native globular proteins, leads to simultaneous changes in 
(e] and »., and the magnitude of change is proportional to the 
loss of catalytic activity. 

The time-dependent irreversible inhibition of yeast alcohol 
dehydrogenase by 1 , 10-phenanthroline has been attributed to the 
binding of 2 moles of this agent per each zinc atom of the enzyme, 
resulting in changes of protein structure (1). It seemed impor- 
tant, therefore, to investigate the nature of this change. Incuba- 
tion of the enzyme with phenanthroline results in loss of catalytic 
activity as described previously (1-3). It is accompanied by 
changes in optical rotation which clearly differ from those occur- 
ting during inactivation through denaturation (Fig. 2). In the 
presence of 4 X 10-* m phenanthroline, a solution containing 5 
mg per ml of enzyme is inhibited 50% within 1 hour and 85% in 
3 hours. Simultaneously, negative specific rotation decreases 


_ |The terminology used to describe the data on optical rotation 
isin accord with that used by Djerassi (20). 


from —40° to —48° and —55°, respectively, never reaching 
values observed consequent to denaturation with urea and 
alkali. Moreover, the dispersion constant, \., remains unaltered 
at 250 my until about 70% inactivation is observed, thereafter 
falling only to 239 my when inhibition is complete. Measure- 
ments in the presence of another chelating agent, 8-hydroxyquin- 
oline-5-sulfonic acid, are virtually identical (Fig. 2). 
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Fic. 1. Effect of denaturation on the optical rotation of yeast 
alcohol dehydrogenase. Specific rotation, —[a]s., , and the 
dispersion constant, \.. ---, are plotted against v;/v. where v- 
equals activity of the control enzyme and »; equals activity of the 
enzyme plus denaturing agent. Changes in both the specific rota- 
tion and in the dispersion constant correlate with the loss of 
catalytic activity. Conditions: yeast alcohol dehydrogenase, 5 
mg per ml; measurements of —[a]s«e (11), and (™), in the pres- 
ence of 4 mM urea in 0.1 m phosphate pH 7.5, 4°, over a period of 50 
minutes; measurements of —[a]s46 (O), and > (@), after dialysis 
of separate aliquots of enzyme for 18 hours against 100-ml volumes 
of 0.1 mM ammonium carbonate-ammonium acetate buffer at pH 
7.5, 8.5, 9.5, and 10.5, resulting in the progressive changes shown. 
Rotations determined in jacketed polarimeter cells of 10-cm path 
length. , 
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Fig. 2. Effect of chelating agents on the optical rotation of 
yeast alcohol dehydrogenase. Specific rotation, — [a]s4., , and 
the dispersion constant, \.,. ---, are plotted against v;/v. where 
v. equals activity of the control enzyme and »; equals activity of 
the enzyme plus the chelating agent. The change of specific rota- 
tion correlates with the loss of catalytic activity, whereas the 
dispersion constant is unaltered until inhibition is nearly com- 
plete. Conditions: yeast alcohol dehydrogenase, 5 mg per ml in 
0.1 m phosphate pH 7.5, 4°; measurements of —[a]ss6, (O) and 
Ae (@), in the presence of 4 X 10-* m 1,10-phenanthroline; meas- 
urements of —[a]sas (1), and A. (™), in the presence of 2 X 10-2 
M 8-hydroxyquinoline-5-sulfonic acid. Rotations determined in 
jacketed polarimeter cells of 10-cm path length. 
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At a constant concentration of enzyme, the rates of both in- 
hibition of catalysis and of change in negative [a] increase as a 
function of an increase of the concentration of chelating agent or 
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Fig. 3. Effect of 1,10-phenanthroline on the optical rotation of 
yeast alcohol dehydrogenase in the presence and absence of DPN. 
Specific rotation, —[a]ss43 (@), and partial velocity, vi/v. (A), 
are plotted against hours of exposure to 1,10-phenanthroline in the 
presence and absence of DPN; v. equals activity of the control 
enzyme and 2; equals activity of the enzyme plus chelating agent. 
The coenzyme prevents the inhibition of catalytic activity and the 
change in specific rotation to a similar extent. Conditions: yeast 
alcohol dehydrogenase, 4 mg per ml and 1,10-phenanthroline, 
4 X 10-* mM, pH 7.5, 4°; measurements in the presence of 0.1 M 
DPN (---:-- ), and in its absence ( ). Rotations determined 
in jacketed polarimeter cells of 10-cm path length. 
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Fic. 4. Anomalous dispersion of yeast alcohol dehydrogenase 
in the presence of 1,10-phenanthroline. Specific rotation at 4°, 
—[a]*, is plotted against wave length. At the major absorption 
band of the yeast alcohol dehydrogenase-zinc-phenanthrolinate 
complex, the negative Cotton effect curve has a peak at 289 mu 
and a trough at 290 mu. Conditions: 5 mg per ml of yeast alcohol 
dehydrogenase in 0.1 M phosphate pH 7.5, 4° (@); 5 mg per ml of 
yeast alcohol dehydrogenase and 2 XK 10~* m 1,10-phenanthroline 
at time of 50% inhibition of catalytic activity (gj). An A-H6 
mercury lamp was employed as the light source. When it becomes 
necessary to use polarimeter cells of short path length (1 em in this 
instance), the precision of the rotational measurements decreases; 
the anomalous dispersion, however, is well beyond the error of the 
method. 
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Fic. 5. Anomalous dispersion of yeast alcohol dehydrogenase ip 
the presence of 1,10-phenanthroline. Specific rotation — [a]‘, is 
plotted against wave length. Anomalous dispersion is present at 
the 327.5 and 342.5 my absorption bands of the yeast alcohol 
dehydrogenase - zinc - phenanthrolinate complex. Conditions: 5 
mg per ml of yeast alcohol dehydrogenase in 0.1 m phosphate pH 
7.5, 4° (@); 5 mg per ml of yeast alcohol dehydrogenase and 
4 X 10-3 m 1,10-phenanthroline at time of 50% inhibition of 
catalytic activity (™@). An A-H6 mercury lamp was employed 
as the light source. 


of the temperature of incubation. These rates also vary some- | 


what with the batch of yeast alcohol dehydrogenase employed. 
Both the inhibition and the appearance of more negative [a] are 
arrested by removal of the inhibitor by dialysis, but this proce- 
dure reverses neither the loss of catalytic activity nor the changes 
in specific rotation which have already occurred. 

Thus, by optical rotatory measurements, the mechanisms of 


inhibition of the enzyme by urea and alkaline pH, known to | 


affect the protein structure (7, 19), can apparently be distin- 
guished from those of chelating agents, known to operate at the 
metal site. 

DPN is known to compete with phenanthroline for the zine 
atom and thus prevent inhibition of the enzyme by this chelating 


agent (1, 2). If the changes in optical rotation induced by | 
chelating agents are dependent on the interaction of phenanthro- | 


line with the zine site rather than on effects on protein structure, 
the coenzyme might prevent such changes. When 4 mg per nl 
of the enzyme are exposed to 4 X 10-3 m phenanthroline in the 
presence and absence of 0.1 m DPN, the loss of catalytic activity 
and the changes in specific rotation caused by the chelating agent 
are prevented to a similar degree (Fig. 3).? 

The inhibition of yeast alcohol dehydrogenase by 1, 10-phe- 
nanthroline has been shown to be accompanied by and correlated 
with the formation of a chromophore characteristic of zinc- 
phenanthrolinate. This complex exhibits absorption maxima at 
295, 312.5, 327.5, and 342.5 my (5, 6). Since isomers of this 
inorganic complex have been successfully identified (21-24), 
such an isomer was postulated to account for the optical rotatory 
properties of the yeast alcohol dehydrogenase-zinc-phenanthto- 
linate system. 

Figs. 4 and 5 demonstrate that the absorption bands corte- 
sponding to the maxima at 295, 327.5, and 342.5 my are optically 
active. Anomalous dispersion is most marked at 295 my, the 
maximum of the absorption band with the highest extinction. 


2 As expected, DPN does not prevent the changes in optical 
rotation attendent to denaturation. 
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Fic. 6. Effect of 8-hydroxyquinoline-5-sulfonic acid on the op- 
tical rotation of liver alcohol dehydrogenase. The dispersion 
constant, (&), and specific rotation, on the left 
ordinate, and partial velocity, v;/v.e (@), on the right, are plotted 
against time in hours on the abscissa; », equals activity of the 
control enzyme and »; equals activity of the enzyme plus chelating 
agent. The change in specific rotation correlates to the inhibition 
of catalytic activity, whereas the dispersion constant remains 
nearly unaltered. Conditions: liver alcohol dehydrogenase, 5 mg 
per ml and 8-hydroxyquinoline-5-sulfonic acid, 4 X 107? M, in 0.1 
m phosphate pH 7.5, 23°. Rotations determined in jacketed 
polarimeter cells of 10-cm path length. 


In yeast alcohol dehydrogenase, a slight shift of this maximum 
results in the negative Cotton effect? with a trough at 290 
mp, a peak at 289 my, and an amplitude of 140 degrees. The 
existence of an optically active zinc-phenanthroline chromo- 
phore is thus demonstrated. The contribution of this chromo- 
phore to the total optical rotation of the enzyme would appear 
to account for the changes described in the presence of the 
chelating agent. 8-Hydroxyquinoline-5-sulfonic acid apparently 
alters the optical rotatory properties of yeast alcohol dehydro- 
genase through a similar mechanism (Fig. 2), although the high 
extinction coefficient of this complex has interfered thus far with 
decisive studies of dispersion in the region of the absorption band. 

Nor are the changes in optical rotation resulting from the 
interaction of a metalloprotein with a chromophoric chelating 
agent restricted to this one zinc enzyme. When 5 mg per ml of 
liver alcohol dehydrogenase are exposed to 4 X 10-7? m 8-hy- 
droxyquinoline-5-sulfonic acid, the progressive loss in catalytic 
activity, accompanied by more negative specific rotation, is un- 
mistakably similar to that indicated for the yeast enzyme (Fig. 
6). Again the dispersion constant is largely unchanged during 
the course of the inhibition. 


DISCUSSION 


Under the conditions specified, yeast alcohol dehydrogenase 
has an [a], of —36° and a X. of 250 mu, in good agreement with 
previous data for this enzyme (26). These measurements (27) 
are also in accord with those for many other native, globular pro- 
teins of which the values for [a], and A, range from —30° to —60° 
and from 245 to 265 mu, respectively. 

Characteristic alterations in optical rotation accompany the 


_* The relationships between absorption of radiation, circular 
dichroism, dispersion of refractive index, and dispersion of rota- 
tion as manifested in Fig. 4 are collectively grouped as the Cotton 
effect after its discoverer (25). 


D. D. Ulmer and B. L. Vallee 


733 


inhibition of aleohol dehydrogenase by the chelating agents here 
employed, and such rotational changes differ markedly from 
those observed on inactivation of the enzyme through denatura- 
tion. With either urea or alkali, [a]ss becomes more negative, 
changing from —40° to —79°; and , decreases from 250 to 210 
my. The direction and magnitude of these alterations are 
typical of denaturation of many globular proteins (19, 28-30) 
and have been thought to reflect changes in protein conformation 
(7, 8, 18, 31-33). 

The alterations of the optical rotatory properties of the en- 
zyme in the presence of phenanthroline and of 8-hydroxyquino- 
line-5-sulfonic acid differ both qualitatively and quantitatively 
from those seen during denaturation (Figs. 1 and 2) and derive 
from asymmetric features of the system other than protein 
conformation. Although 1,10-phenanthroline is a symmetrical 
molecule, the fully coordinated zinc-phenanthrolinate complex is 
asymmetric (24). The isomers of its racemic mixture have been 
detected (21-23). Measurements of optical rotation, conducted 
through regions of absorption of such a complex when optically 
active, should reveal anomalous dispersion, a Cotton effect, 
characteristic of this chromophore (20, 34, 35). Since yeast 
alcohol dehydrogenase-zinc-phenanthrolinate is known to exhibit 
spectral characteristics typical of zinc phenanthrolinate (5, 6), the 
formation of an isomer of this complex during inhibition of the 
enzyme by phenanthroline might account for the observed 
changes in optical rotation. The prevention of these rotational 
changes by DPN lent credence to the localization of these altera- 
tions at the active zinc site of the protein. The formation of 
an asymmetric zinc-phenanthrolinate chromophore, therefore, 
should induce a Cotton effect observable against the backgournd 
rotation of the native, unaltered enzyme. 

A marked negative Cotton effect with a peak at 289 my, and 
lesser perturbations of rotatory dispersion at 327.5 and 342.5 mu 
confirm this prediction. Therefore, the changes in [a], first 
measured between 365 and 650 my, can be attributed directly to 
the control of the zinc-phenanthroline chromophore and appear 
to be independent of changes in protein structure. Thus, studies 
of optical rotatory dispersion have confirmed previous observa- 
tions, obtained by other experimental means (10): the inactiva- 
tion of proteins by denaturation and by specific metal end group 
reagents is brought about through different mechanisms, which 
are also manifested by the different relative magnitudes of the 
changes of [a] and of 4, (Figs. 1 and 2). In accord with this, 
DPN prevents the changes in optical rotation caused by chela- 
tion, but not those accompanying denaturation. 

Thus the existence of the Cotton effect can be attributed to the 
formation of the zinc-phenanthrolinate complex, the asymmetry 
of which may be imposed by the topography of the zinc atom at 
the active site of the protein. It is known that the transfer of 
hydrogen to DPN is stereospecific (36, 37) and further, that 
DPN is bound to the protein at or near the zinc atom (2). It is 
therefore easily conceivable that the stereospecificity of the 
hydrogen transfer is associated with the geometrical asymmetry 
at the zinc atom site. The demonstrated competition of DPN 
with the formation of the chromophore lends support to this 
suggestion. It should be pointed out, however, that contribu- 
tions from asymmetric synthesis and vicinal effects cannot be 
eliminated completely at this time. 

Consequent to their binding to polypeptides or proteins, the 
absorption spectra of certain dyes or other small chromophoric 
molecules may become optically active as evidenced by anomal- 
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ous rotatory dispersion (38, 39). On an analogous basis the 
present study, and others to be published,‘ indicate that optical 
rotatory dispersion provides an important approach to the identi- 
fication and characterization of the interaction of substrates, co- 
enzymes, site-specific reagents, and inhibitors with proteins. 
For example, we will shortly report spectropolarimetric evidence 
that reduced diphosphopyridine nucleotide and several of its 
3-pyridine substituted analogues bind to an asymmetric center of 
liver alcohol dehydrogenase (40); the stoichiometry of these in- 
teractions can be measured by a novel method, optical rotatory 
titration (41). Moreover, the interaction of inactive substrate 
homologues, such as acetamide, and of inhibitors, such as phen- 
anthroline, can be discerned from the optical rotatory dispersion 
of the enzyme-coenzyme complex. 

It may be noted that in the studies here reported, the avail- 
ability of a high pressure, high intensity mercury arc was decisive 
because of the high extinction of both the chromophore and of 


the protein itself in the significant regions of the spectrum. . 


This stable source and the use of short polarimeter cells allowed 
observation and characterization of the optically active absorp- 
tion bands of the phenanthroline chromophore. In conjunction 
with other methods, technical developments in spectropolar- 
imetry now provide an important means for the study of the 
interdependence between metal composition, activity, and struc- 
ture of metalloenzymes. 


SUMMARY 


The loss of enzymatic activity of yeast alcohol dehydrogenase 
caused by denaturation with urea or alkali is directly proportional 
to changes in specific rotation, [a], and in the dispersion constant 
.. In contrast, inhibition of the enzyme by 1,10-phenanthro- 
line is accompanied only by changes of [a] but not of \.; more- 
over, the changes of [a] which attend inactivation by chelation 
are of much smaller magnitude than those which accompany 
denaturation. The rotational alterations of yeast alcohol de- 
hydrogenase in the presence of 1,10-phenanthroline are shown 
to result from the formation of an optically active zinc-phenan- 
throlinate chromophore. In the regions of maximal absorption 
of this chromophore, anomalous rotatory dispersion is observed. 
The presence of this Cotton effect suggests geometric asymmetry 
about the zine site as a basis for the stereospecific hydrogen 
transfer to DPN in the mechanism of action of this enzyme. 
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In 1957, we reported (1) the purification of alkaline phospha- 
tase of swine kidney to a specific activity of about 150,000 units on 
a basis of total nitrogen content; the units were those as defined 
by Roche and Bouchilloux (2). At that time, this was the high- 
est activity reported for any alkaline phosphatase, but one or two 
other workers have since appeared to achieve a similar order of 
activity. However, certain of the claims of higher activity must 
be questioned. Mathies (3) reported a specific activity of 10,500 
units according to the assay of King et al. (4), and Schales and 
Arai (5) reported an activity of 11,600 King units; in both cases, 
the nitrogen content was measured by indirect methods, and the 
specific activities are to be considered as reflecting only the order 
of magnitude of activity. Schramm and Armbruster (6) have 
proposed a factor of about 7 to convert King units to Roche 
units; we have confirmed this factor, and, since Mathies per- 
formed his assays at 25°, have determined the coefficient for 
conversion of results at 25° to those at 37° to be about 1.4. Thus, 
the preparation of Mathies would have a specific activity of 
10,500 X 7 X 1.4, or 102,900 Roche units, and the preparation of 
Schales and Arai would have a specific activity of 11,600 x 7, or 
81,200 Roche units. Preparations somewhat more comparable 
to ours have been reported by Portmann (7) and by Alvarez and 
Lora Tamayo (8); in their procedures, however, the yields were 
quite low. 

Since 1957, we have investigated a number of methods for 
further purification and have settled upon gradient elution from 
Kcteola cellulose (9) as the most useful method; with this method 
and with a variety of less suitable methods, it has been possible 
to achieve a purification to about 300,000 units per mg of total 
nitrogen. The particular value of the methods as developed is 
the excellent yield. Another problem, common to all studies of 
alkaline phosphatase, that of testing of homogeneity, has not 
been entirely overcome. Practically all workers with prepara- 
tions of 50,000 units or greater have claimed homogeneity and 
have presented electrophoretic and other data to document their 
claims. As we have pointed out (1), electrophoretic methods are 
incapable of separating materials as unrelated as the peptidases 
and the alkaline phosphatases of swine kidney; claims of homo- 
geneity on the basis of electrophoresis would seem to be worth- 
less. The material prepared by us is homogeneous in electro- 
phoresis, in paper chromatography, by rechromatography on 
substituted cellulose and by countercurrent distribution, but, 
perhaps more to the point, we have not been able to exceed 300,- 


* These studies were supported by grants from the National 
Heart Institute (Grant H-1273), National Institutes of Health, 
United States Public Health Service. 


000 units of activity by a great variety of techniques of chroma- 
tography or electrophoresis. It is to be admitted that the prob- 
lem remains; the amounts of material necessary for conclusive 
studies are not available. The total purification in our procedure 
is in excess of 30,000-fold and one must process many kilograms 
of tissue with excellent yield to obtain a few milligrams of purified 
material. 

The characterization of an alkaline phosphatase has not been 
previously achieved; several investigators (3, 10) have published 
absorption spectra results and have concluded that the material 
was a simple protein. Others have indicated that carbohydrate 
is present (5, 7), and it has been claimed that nucleotides are 
present (11). Few if any of these reports have been convincing, 
but our work would appear to confirm these claims in part. As 
others had observed with less purified materials, the absorbancy 
in the ultraviolet range would appear to be that of a simple pro- 
tein; there is no indication of any other component. Such an 
absorbancy with our materials was somewhat surprising because, 
first, the material is completely resistant to all proteolytic en- 
zymes that were tried and, second, the color yield in the procedure 
of Lowry et al. (12) was well below that of any protein tested 
even though the absorbancy per milligram of nitrogen was greater 
than for any protein tested. In order to explain the high absorb- 
ancy and relatively low color yield with the phosphomolybdate 
reagents, it was postulated that the tyrosine groupings presumed 
to be present were covered by some groupings that might be re- 
moved by denaturation or hydrolysis. Accordingly, the ma- 
terial was treated with dilute acid with the finding that not only 
did the reaction with phosphomolybdate reagent (13) increase 
markedly but that there was a marked increase in the absorbancy 
of the material in the ultraviolet range; no protein was found to 
duplicate this behavior. 

Inasmuch as it appeared that a chromophore in the ultraviolet 
range reacted with phosphomolybdate after hydrolysis with 
dilute acid, it was suspected that the phenolic groupings of tyro- 
sine were covered with some grouping that inhibited the absorb- 
ancy in the ultraviolet range. After hydrolysis with strong acid, 
however, no tyrosine could be demonstrated and, indeed, as the 
hydrolysis proceeded, the absorbancy shifted to shorter wave 
lengths, indicating the relative absence of aromatic amino acids. 
Other reactions of the material were investigated with the finding 
that, after but not before hydrolysis, the material reacted with 
ferricyanide and ferric chloride or with ferricyanide alone to give 
an immediate deep purple reaction. In a study of model com- 
pounds no phenol or catechol was found to give a similar reaction, 
although some photographic developers were found to give a pink 
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or red reaction. With these reactions as tracers, the hydroly- 
sates were subjected to chromatography. It was soon evident 
that the chromophoric grouping was associated with carbohy- 
drate; the reaction with aniline phthalate indicated a mixture of 
carbohydrates and the reaction of Dische (14) with cysteine and 
sulfuric acid indicated that a mixture of glucose and pentose was 
associated with the chromophore. In the hydrolysis mixtures, 
a second compound was found that absorbed maximally near 
270 muy but did not react with potassium ferricyanide; more of 
this compound was formed with prolonged hydrolysis or with 
hydrolysis with more concentrated acid. At the same time, 
several fractions that did not absorb in the ultraviolet range but 
gave reactions characteristic of pentose or glucose were formed. 
The pentose was associated with a ninhydrin-reactive material 
and appeared to survive prolonged hydrolysis, but the glucose 
disappeared more or less coincident with the formation of a 
chromogenic grouping with an absorbancy near 330 my. The 
hexose was identified as glucose by the reaction with cysteine and 
sulfuric acid and, in hydrolysates, by the reaction with glucose 
oxidase. Although several ninhydrin-reactive materials were 
found in the hydrolysates, none of these materials could be iden- 
tified with the known amino acids; red, pink, or yellow colors re- 
sulted from the reactions with’ ninhydrin. 

In further attempts to identify the chromophoric grouping, a 
variety of compounds were investigated with the finding that 
many tri- and tetra-substituted pyrimidines would react with 
the phosphomolybdate reagent either as originally used or as in 
the method of Lowry et al. (12) for the determination of protein, 
would react with ferricyanide alone or with ferric chloride plus 
ferricyanide and would react with ninhydrin to give pink to red 
colors. 


- 


EXPERIMENTAL PROCEDURE 


Preparation of Crude Enzyme Fractions—Partially purified 
preparations representing a 5,000- to 10,000-fold purification 
were made much as has been described (1). An acetone powder 
of swine kidney was prepared at room temperature and was di- 
gested with Panprotease (Worthington Biochemical Laborato- 
ries) for 2 to 3 weeks. The digest was filtered, and the filtrate 


TABLE I 
Purification of alkaline phosphatase 
See the text for the description of the procedures. 


Step Volume | Total units | Total N = 

ml mg units/mg N 

Crude digest......... 30,000 3,360,000 | 240,000 14 

First ethanol......... 4,000 3,500,000 56,000 164 

Second ethanol....... 1,200 | 3,100,000 1,920 1,630 

Third ethanol........ 300 | 2,800,000 | 200 14,000 
Third ethanol, through | 

650 | 1,900,000 | 26.3 72,000 
Barium fraction, 0.6 | 

1,300 905 , 000 3.4 265,000 
Barium fraction, 1.0 | 

50 | 860,000 2.8 308,000 


* Data in these steps are from a different preparation; at this 
stage the preparation described had a total activity of 2,200,000 
units. 
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was stored at. room temperature until used. To 30 liters of the 
filtrate, “crude digest,” were added, at 4-5°, 12 liters of ethanol; 
the mixture was cooled to 0°, and the precipitate was removed by 
centrifugation with a Sharples supercentrifuge and discarded, 
To the supernatant solution were added an additional 30 liters 
of ethanol, the mixture was cooled to 0°, and the precipitate was 
collected by centrifugation with the supercentrifuge. The pre- 
cipitate was dissolved in about 4 liters of 0.1 m Tris buffer pH 
8, “first ethanol’’; chloroform, and toluene were added as pre. 
servatives, and the material was digested overnight at 37° with | 
g of Panprotease. The next morning, 300 ml of cold ethanol per 
liter of digest were added, and the precipitate was removed by 
centrifugation in the International model PR-2 centrifuge and 
discarded. Cold ethanol, 1000 ml, was added to the supernatant 
solution (per liter of digest) and the precipitate was collected 
with the International model PR-2 centrifuge at 0° and was dis- 
solved in about 500 ml of the pH 8 Tris buffer for each 1000 ml 
of the digest. This solution, ‘‘second ethanol,’ was treated 
exhaustively by the procedure of Sevag et al. (15) (shaking with 
a mixture of chloroform and octanol at room temperature as 
vigorously as possible for 30 minutes followed by centrifugation); 
the procedure was continued until no more emulsion was formed. 
For each 1000 ml of the solution of enzyme at about 4-5°, suff- 
cient barium acetate was added to make the solution 0.1 M in 
respect to barium acetate, and ammonium hydroxide was added 
dropwise until the pH reached 9.6 (pH meter at 4-5°); the miy- 
ture was centrifuged in the International model PR-2 centrifuge 
at 0° to remove the precipitate which was discarded. For each 
1000 ml of solution, 300 ml of ethanol at 0° were added rapidly, 
and after 30 minutes, the precipitate was collected and discarded. 
An additional 1200 ml of ethanol at 0° was added, and after 30 
minutes, the precipitate was collected and dissolved in about 
300 ml of water with the correction of the pH to about 8 by 
the addition of dilute acetic acid. This “third ethanol” frac- 
tion was dialyzed with stirring at room temperature against 
several changes of about 10 liters of 0.01 m barium acetate, pH 
9.0, over a period of 24 hours. The dialyzed material was then 
treated batchwise with Dowex 2-X8 in the acetate form; to about 


650 ml of dialyzed material were added 100 g of wet resin at room | 
After thorough mixing, the mixture was filtered | 


temperature. 
on a sintered glass filter with suction, the solution was assayed 
for activity, and successive additions of 100 g batches of Dowex 
2-X8 were made until the resin began to absorb the activity. 
The material, “Dowex 2-treated,’’ was then refractionated with 
barium acetate and ethanol; the solution of enzyme was cooled 
to 0° and mixed with 0.1 volume of 1 m barium acetate, pH 9, 
0.3 volume of ethanol at 0° was added rapidly, and after 30 mi- 
utes, the precipitate was collected and dissolved in 100 ml of 
water. An additional 0.3 volume of ethanol at 0° was added 
rapidly, and after 30 minutes, the precipitate was collected; this 
procedure was repeated with addition of 0.3 volume of ethanol 
until a total of 1.5 volumes of ethanol had been added. The 
activity was usually found in the 0.6 to 0.9 fraction, although in 
a few cases the bulk of activity was found in the 0.9 to 1.2 frac- 
tion. Nevertheless, the procedure is quite reproduceable and, 
as noted in Table I, the recovery is excellent. It is to be remem- 
bered that the average crude digest was found to contain about 
100 units per ml and to have a specific activity of about 10 on the 
basis of total N (1). 7 

Assay of Activity—The assay was as previously described (1) 
and was according to the procedure outlined by Morton (16). 
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The units were those described by Roche (2). The unit was de- 
fined as the amount of enzyme which liberated 1 ug of phosphorus 
(as inorganic phosphate) per minute at 38° when the concentra- 
tion of 8-glycerophosphate was 0.02 mM, the concentration of 
magnesium ion was 0.005 M, and the pH was 9.5 (ethanolamine- 
HC! buffer, 0.02 m). Specific activity was defined as units per 
milligram of total N. In the expression of the specific activity, 
some concern over the method of determination of the N content 
should be expressed; as will become evident, the method of Lowry 
et al. (12) is not valid with highly purified alkaline phosphatase, 
and the only N value that can be justified is that from the deter- 
mination of total N by micro-Kjeldahl procedures. Equally 
invalid are results from precipitation procedures such as with 
trichloroacetic acid or sulfosalicylic acid; purified alkaline phos- 
phatase in the concentrations available does not precipitate with 
these reagents. 

Activators and Inhibitors—The purified material required mag- 
nesium ion for optimal activity, but, in the presence of the opti- 
mal concentration of magnesium ion (0.005 M), activation by 
amino acids or other divalent metal ions could not be demon- 
strated. In fact, many other divalent metal ions, otherwise 
with little effect, inhibited in the presence of the optimal con- 
centration of magnesium ion. These results will be discussed in 
full in subsequent publications. 

Other Activities—Our digests and many of the crude fractions 
are known to be excellent sources of certain peptidases (1) and of 
diesterase activity. Peptidases have been followed by the 
methods described with leucinamide and cysteinylglycine as 
substrates (1), and diesterase was assayed by the method of Hep- 
pel and Hilmoe (17). Purified materials with a specific activity 
of over 100,000 were found to be inactive in the hydrolysis of 
peptides and as a diesterase when tested undiluted, whereas the 
assay for phosphatase required a dilution of 1:10,000 or 1: 100,000 
to permit assay. Inorganic pyrophosphatases and ATPases 
were absent after the very first few steps of the procedure. 5- 
Adenylic acid, p-nitrophenylphosphate, glucose 6-phosphate, 
and phenylphosphate were found to be hydrolyzed by the prep- 
arations. 


RESULTS 


Purification on Ecteola Cellulose—A column of Ecteola cellulose 
(9), 5 X 100 em, was washed thoroughly with 1 nN NaOH and 
then with water until the excess alkali had been removed. Then 
the solution of alkaline phosphatase containing from 1,000,000 
to 2,000,000 units in about 500 ml was placed on the column and 
was followed by several hold-back volumes of water. A discon- 
tinuous two-chamber gradient was applied by gravity and at 
room temperature as follows: the bottom chamber contained 2 
liters of water, and to the top chamber were added 4 liters of 0.02 
M barium acetate. The rate of flow was about 1 ml per minute. 
Absorbancy in the ultraviolet range at 260 and 280 mu and the 
phosphatase activity were followed; the results are summarized 
in Table I and Fig. 1. The material in the active peak was con- 
centrated by fractionation with barium acetate and ethanol as 
described above; fractions representing 0.0 to 0.5, 0.5 to 0.10, and 
1.0 to 1.5 volumes of ethanol were collected and dissolved in 50 
ml of water. The fraction “1.0 to 1.5” contained the bulk of the 
activity, and, on the basis of total nitrogen, had a specific activity 
of 308,000. Similar preparations have varied from 295,000 to 
315,000 units, identical values, considering the error of assay and 
determination of nitrogen. 
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WATER 0.04 M 


6% 
0.5 % + -5000 
4000 


0.4 


0.3 


ABSORBANCY 
UNITS / ml 


0.2 2000 


1000 


TUBE NUMBER 


Fic. 1. Purification of alkaline phosphatase on Ecteola cellu- 
lose. @——®@, absorbancy at 280 mu; O- - -O, activity in Roche 
units per milliliter of eluate. Samples of 20 ml each were collected 
as described in the text. 


0.01 M 0.9 
0.5 “+4 10x10 
0.4 4+ 8 
0.3 
0.2 — 4+ 4 5 
2 


FRACTION 
Fic. 2. Rechromatography of purified alkaline phosphatase 
on Ecteola cellulose. @- - -@, absorbancy at 280 mu, O——O, 
activity in Roche units per milliliter of eluate. Samples of 10 
ml each were collected as described in the text. 


Further Studies of Homogeneity—A preparation obtained in the 
manner described above was rechromatographed on a small 
column of Ecteola,2 X 25cm. After application of the 50 ml of 
concentrated enzyme solution, the column was washed with 
about 4 hold-back volumes of water, and then gradient elution 
was undertaken with 250-ml lower and upper chambers at room 
temperature. Barium acetate, 250 ml, 0.01 M, pH 9, was placed 
in the upper chamber with 250 ml of water in the lower chamber, 
and, when this was exhausted, 250 ml of 0.05 m barium acetate, 
pH 9, were placed in the upper chamber; the upper chamber was 
replenished with the 0.05 m solution as needed. As may be seen 
in Fig. 2, there was only one peak of ultraviolet absorbing ma- 
terial, and the activity coincided exactly with the absorbancy in 
the ultraviolet range. It was found that the material would not 
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stain properly with bromthymol blue or other protein stains on 
paper chromatography or paper electrophoresis but would react 
immediately with ninhydrin; thus, the ninhydrin test was used to 
detect alkaline phosphatase. In a system of 1 M ammonium ace- 
tate-ethanol (30:70), with descending chromatography, the 
active material was found to have an Rp of about 0.6; no other 
component could be detected with ninhydrin, by absorbancy in 
the ultraviolet range, or by phosphatase assay (sprayed with 
1% p-nitrophenylphosphate, pH 9, kept in air at 37° for 15 min- 
utes, dried at 100°, and sprayed with dilute alkali). 
Countercurrent Distribution—A solution of alkaline phosphatase 
with a specific activity of about 250,000 and a total of 150,000 
units was precipitated with barium acetate and ethanol and was 
dissolved in 10 ml of the lower phase of the system devised by 
Warner and Vainberg (18) for the distribution of nucleic acids. 
The material originally had a specific activity of 300,000 but had 
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Fic. 3. Countercurrent distribution of purified alkaline phos- 
phatase. Shown is a 100-tube transfer with a 10-ml upper and a 
10-ml lower phase. 
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Fic. 4. Absorbancy of purified alkaline 


V—, original in 0.3 s HCl; O——O, original in 0.1 n NaOH; 
@——@, original after heating for 2 hours at 100° in 0.3 N 
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lost some activity upon standing. This solution was centrifuged 
to remove barium phosphate and placed in a 100-cell distribution 
apparatus maintained at 4°; the results of the distribution are 
shown in Fig. 3. There were two major complications to the 
study; first, the material could not be assayed in the conventional 
manner because phosphate was present and, second, in the pres. 
ence of the phosphate buffer and formamide, the alkaline phos. 
phatase gradually lost activity. The assay was with p-nitro. 
phenylphosphate as the substrate, and the units are those of 
Bessey, Lowry, and Brook (19); we have not attempted a con. 


version of these units to the Roche units used in the rest of the | 


study. Even with the limitations, it is apparent that the ma- 
terial absorbing at 280 my was distributed in exactly the same 
manner as the alkaline phosphatase; thus, we may be assured 
the material we are studying represents the alkaline phosphatase, 
These studies are being continued to develop a more suitable 
system to permit recovery of the fully active material. 
Preliminary Observations with Alkaline Phosphatase—Through- 
out the purification, the absorbancy of the material in the ultra- 
violet range was followed. For the average solution of final ma- 
terial as described above, the absorbancy per ml at 280 my was 


about 0.5; such solutions contained about 0.05 mg of N per ml. 


and 15,000 units of alkaline phosphatase. Thus, the absorb- 
ancy per 1 mg of total N would be about 10; for crystalline oval- 
bumin (used in this laboratory as the standard for protein deter- 
minations), we find the absorbancy for 1 mg of total N to be 4.5. 
The absorbancy value for chymotrypsin was somewhat higher, 
and that for ribonuclease was less, but there is little in this ab- 
sorbancy to indicate the presence of materials other than pro- 
tein and indeed, the absorbancy versus wave length (Fig. 4) would 
appear to be typical for proteins (a maximum at 278 to 280 my 
with a minimum at 250 my and a shift of maximum in alkali to 
about 285 to 287 my); under similar conditions, trypsin gave al- 
most identical shifts of absorbancy. There were, however, other 
observations that were not entirely consistent with a content of 
protein alone; first, the material was completely resistant to 
proteolysis by chymotrypsin, trypsin, carboxypeptidase, amino- 
peptidase, ficin, and papain; second, the content of protein as 


determined by the method of Lowry et al. (12) accounted for less 


than half the total N. It was found, however, that proteins dif- 
fered considerably in the reaction with the Lowry reagents; it 
was found, for example, that the yield of color from ribonuclease 
per milligram was about twice that from ovalbumin, reflecting 
the relatively high content of tyrosine in ribonuclease. The 
alkaline phosphatase had a higher than usual absorbancy on a 
nitrogen basis but gave a lower than usual yield of color in the 
Lowry method, possibly indicating a low content of tyrosine and 
a high content of tryptophan; yet the shift upon the addition of 
alkali was characteristic of a protein with a fairly high content of 
tyrosine. The material was treated with dilute acid and the 
absorbancy in the ultraviolet range increased markedly (Fig. 4); 
the absorbancy in dilute acid was identical with that in neutral 
solution. However, as may be seen in Table II, the reaction 
with the reagents of Lowry (Column 1) did not increase as might 
be expected. When the copper reagent was removed (thus con- 
verting the method essentially back to the method of Folin and 
Ciocalteu for phenols), a marked increase was observed. Ribo- 
nuclease, as a control, was not influenced by heat in its response 
in the presence or absence of the copper reagent. Next, the 
hydrolysis was investigated under conditions of treatment with 
6 x HCl; as may be seen in Fig. 5, there was a marked change it 
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absorbancy in the course of a hydrolysis of 12 hours. A new 
peak appeared at 330 mu, and absorbancy increased throughout 
the ultraviolet range. This behavior was characteristic of noth- 
ing we have encountered and the problem became one of identifi- 
cation of the unknown material or materials. 

Identification of Components of Alkaline Phosphatase—A hy- 
drolysate prepared by refluxion with 6 N HCl for 24 hours was 


_ concentrated in a vacuum, dissolved in water, and taken to dry- 


ness several times to remove the HCl, and, finally, was dissolved 
in about 0.1 volume of water (about 0.5 mg of N per ml). This 
concentrate was used for spot tests on filter paper preparatory to 
paper chromatography. Among the tests performed for the 
detection of phenols and catechols were the tests with potassium 
ferricyanide plus ferric chloride, ferric chloride alone, and potas- 
sium ferricyanide alone. The hydrolysate responded weakly to 
the test with ferric chloride but responded immediately to both 
the other tests to give an intense blue color. Phenol, tyrosine, 
and dihydroxyphenylalanine were among the many control com- 
pounds tested; none of these compounds responded to the test 
with potassium ferricyanide alone. Phenolic compounds found 
to react were the photographic developers, p-methylaminophenol 
and 2,4-diaminophenol; however, these compounds gave red 
colors and reacted strongly with ferric chloride (in contrast to the 
hydrolysate). Thus, it would appear that the unknown com- 
pound is not a simple phenol and certainly is not tyrosine. 
Separation of Components of Hydrolysates—The hydrolysates 
were subjected to chromatography with a variety of solvent 
systems, and the various components were detected by observa- 
tion with ultraviolet light, by spraying with 1% aqueous solution 
of potassium ferricyanide, by spraying with the ferricyanide plus 
1% ferric chloride, by spraying with a solution of ninhydrin 
(0.1% in acetone or butanol) followed by a short period of heat- 
ing, and by spraying with a solution of aniline phthalate (20). 
It had been determined previously that the hydrolysates were 
positive with all these reactions. It should be noted, however, 
that the hydrolysates did not respond to tests for orthophosphate 
or for phosphate esters. Various solvent systems were found use- 
ful for different purposes but propanol-water (80:20) was found 
to resolve the hydrolysates as effectively as more complicated 
systems. In Table III, the results with two hydrolysates, 1 Nn, 
2 hours, 100° and 6 n, 24-hour reflux, are given; the final solutions 
after removal of HCl and neutralization contained about 1 mg 
of N per ml. Other strips run at the same time and superim- 
posable on the basis of the materials detectable by ultraviolet light 
were eluted with 1 N HCl, and the absorbancy in the ultraviolet 
range and the general reaction of Dische with sulfuric acid and 
cysteine (14) were determined for each component. There was 
considerable end absorption in the eluates and the maxima as 
recorded are only approximate. Two components with signifi- 
cant absorbancy in the ultraviolet range were detected in both 
hydrolysates (Components 6 and 10 of Table III); only one of 
these, Component 6, was rich in carbohydrate. Component 6 
was found to be responsible for the reaction with ferricyanide 
alone and with ferricyanide plus ferric chloride. Component 6 of 
the 2-hour hydrolysate appeared to contain more pentose than 
Component 6 of the 24-hour hydrolysate; inasmuch as the ab- 
sorbancy was less, it may be that longer hydrolysis had made the 
pentose available for the test. When this possibility was tested, 
cytidine, which responds very poorly to the test with cysteine and 
sulfuric acid, was found to have a markedly increased value 
after prolonged hydrolysis with acid. Component 6 was found 


PF. Binkley 


739 


TABLE II 
Reaction of phosphatase with phosphomolybdate 

The purified alkaline phosphatase had a specific activity of 
290,000 units and 0.12 mg of N per ml; the solution of ribonuclease 
contained 250 ug perml. The determinations were by the method 
of Lowry et al. (12) with and without the addition of the Cu rea- 
gent. Ovalbumin, as a standard, was treated with the reagent 
containing Cu. Protein indicated (ovalbumin standard). 


Phosphatase Ribonuclease 


With Cu Without Cu! With Cu WithoutCu 


400 | 105 275 | @ 
Heated, 0.3 N, HCl, 2. | | 


% increase*.............. | | 91 | 7 


* % increase refers to the increased reaction over the unheated 
control. 


ABSORBANCY 


9 


12 HR, 6N HCI, 100° 


N 


O TIME, 6N HCI 


240 260 280 300 320 340 360 380 
Fig. 5. Absorbancy of hydrolysate of purified alkaline phos- 
phatase. Hydrolysis with 6 n HCl at 100° for 12 hours. 


to have a considerable increase in absorbancy when treated with 
alkali; this component from the 2-hour hydrolysate was found 
to have an increase in absorbancy from 0.345 at 275 mu to an 
absorbancy of 2.16 at 265 mu upon the addition of alkali to about 
0.1 n. Thus, the material reacting with ferricyanide contains 
carbohydrate and has a marked shift of absorbancy in alkaline 
solution. 

Identification of Carbohydrates—The general reaction with 
cysteine and sulfuric acid of the carbohydrate containing compo- 
nents indicated that pentoses and hexoses were present (A390 
much greater than A4 but, with time, becoming essentially 
equal). In various systems, we have observed pink reactions 
with aniline phthalate (indicating pentoses) but no further identi- 
fication has been made. The reaction with orcinol is not satis- 


factory in the presence of glucose and, especially, the orcinol re- 
action after bromination has proven meaningless in the presence 
of glucose. 


.3 

ged 

tion 

are | 

the | 

Onal | 

res- 

hos- | 

eof | 

COn- 

| 

ma- | 

red 

ase. | 

able | 

Itra- | 

ma | 

was | 

r ml. | 1.7 

orb- | 

val. 1.5 

45, 

her, 

ab- 

pro- 

ould 

mp | || 

lito 

> al- 0.5 

ther 

tof | 

t to 0.2 

nas | 0.1 

less 

 dif- 

ease 

ting | 

The 

On 

the 
and | | 

mof 

the | 

| 
tral 

tion | 

right 

con- | 
and | | 

2 i ho- 

the 
with | 


740 Alkaline Phosphatase of Swine Kidney : Vol. 236, No. 3 


TaBLeE III } 
Paper chromatography of acid hydrolysates ‘ 
Descending chromatography with propanol-water (80:20) was used; the solvent flow was 38cm. Aniline phthalate was used to de- | 
tect the sugar components. By the techniques used, five components were found in the 1 n HCl, 2-hour hydrolysate, and eight com- s 
ponents were found in the 6 n HCl, 24-hour hydrolysate. ‘ 
2 hour, 1 N HCl 24 hours, 6 s HCl J 
Component Cm. a 
Ninhydrin KsFe(CNs) Sugar Ultravivlet light Ninhydrin K3Fe(CNe) Sugar Ultraviolet light t 
2. 7.8 | ++,Pp 
3. 9.0 ++,p | fc 
4. 10.6 | ++,b él 
5. 13.0 ++. 
6. 18.0 +,y | ++,b +++,8 +++ ++,b ++,8 +++ 
7. 18.8 | ‘ ti 
8. 20.8 | +,p st 
9. 31.0 | +++,7 
10. 35.0 +,p | +,p ++ +,p +,p ++ th 
2 hours, 1 N HCI hydrolysate a 
| | Dische test to 
my max. Amax A330 A 390 —- Wi 
A4io Aan en 
6. 275 | 0.345 0.077 0.192 0.217 0.107 tar 
10. 270 | 0.215 0.092 0.064 hy 
24 hours, 6 N HCI hydrolysate | 
6. 275 | 0.162 0.088 0.253 0.212 0.068 - 
10. 270 | 0.412 | 0.130 | 0.042 te 
*p = pink; y = yellow; b = blue; g = grey; r = red. tio 
- we 
glucose oxidase (Glucostat, Worthington Biochemical Labora- | phe 
tories) with the result as indicated. A sample of the same prep- ant 
$—DISCHE aration of alkaline phosphatase was treated with cysteine and — 
sulfuric acid in the primary reaction of hexoses of Dische (14); ide 
w 30 after 48 hours, the absorbancy of the test solution was deter- ten 
° mined along with that of standard amounts of glucose, galactose, nin| 
 —— / and mannose. The results given in Fig. 7 demonstrate that the mat 
° OXIDASE material is glucose; the amount of glucose indicated by the I 
i method for an equivalent aliquot is shown in Fig. 6 as somewhat reat 
wer 
ava’ 
30 60 90 #120 gate 
MINUTES of t 
Fic. 6. Release of reducing sugar in hydrolysis with dilute . 
acid. Micrograms of glucose are plotted versus minutes of hy- acti 
drolysis. The determination by the method of Dische was with Thu 
untreated material; the determination with glucose oxidase was pyri 
with the neutralized hydrolysate at the completion of the experi- hyd 
ment. with 
The 
The identification of the hexose as glucose has been reported for ] 
briefly (21). In Fig. 6, the release of reducing sugar (22) by 1959 
hydrolysis with dilute acid is illustrated; alkaline phosphatase by ( 
was heated in a boiling water bath in 1 n HCl, aliquots were re- varie 
moved, neutralized by the addition of sodium carbonate, cen- posit 
trifuged, and the super natant solution — analy zed for reducing Fic. 7. Reaction of cysteine and sulfuric acid with alkaline The 
sugar with the results as indicated. An aliquot, at the end of phosphatase and glucose (the secondary reaction of hexoses). | idine 


the hydrolysis, after suitable neutralization, was treated with Absorbancy is plotted versus wave length in millimicrons. know 
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aline 
ses). 


March 1961 


higher than the value indicated by the oxidase or by the reducing 
sugar method. After prolonged hydrolysis, such as in the 6 N 
hydrolysate, 24 hours, very little glucose can be detected. Pre- 
sumably, the glucose is destroyed in reactions with other products 
of hydrolysis; at the same time, the absorbancy of the solution at 
330 mu increases (Fig. 5). The percentage content of glucose 
as determined by the method of Dische was about three times 
the content of nitrogen or, as one may calculate on a molar basis, 
there were approximately 4 nitrogen atoms per molecule of glu- 
cose. 

Ninhydrin-reactive materials containing carbohydrates were 
formed during prolonged hydrolysis; in an experiment to prevent 
the destruction of such materials, hydrolysis was carried out in 
an atomosphere of nitrogen with 6 N HCI for 24 hours, (the solu- 
tion was concentrated in a vacuum) and the final solution was 
subjected to chromatography with propanol-water as in Table 
IIL. In this case a component with a Rp somewhat greater than 
the material reacting with ferricyanide was detected by a pink 
reaction with ninhydrin. The material did not absorb in the 
ultraviolet range but responded to the test of Dische as did ribose 
to give a maximal absorbancy at 390 my (A390 = 0.520 compared 
with 0.660 for the ferricyanide-positive component). Appar- 
ently, under these conditions, it was possible to find a breakdown 
product of the material with a ninhydrin-reactive material at- 
tached to the pentose. With the exclusion of oxygen during the 
hydrolysis, materials similar to Component 10 of Table III were 
not detected. 

Identification of Other Compounds—Hydrolysates of alkaline 
phosphatase were prepared with 6 nN and 9 nN HCl with refluxing 
or at 105° in sealed tubes; the hydrolysates were concentrated in 
a vacuum over drying agents or by exhaustive vacuum distilla- 
tion; these hydrolysates, containing 1 to 3 mg of total N per ml, 
were examined for amino acids by paper chromatography with 
phenol-water and with butanol-acetic acid-water systems in one- 
and two-dimensional runs. Six ninhydrin-reactive materials 
were detected but, in no case, could any of the components be 
identified as known amino acids. Furthermore, in all the sys- 
tems, amino acids, other than the prolines, responded to the 
ninhydrin stain with blue colors; the unknown ninhydrin-reactive 
materials gave pink or red colors in the various systems. 

In attempts to characterize the component responsible for the 
reaction with potassium ferricyanide, a variety of compounds 
were investigated. Mono- and disaccharides, commercially 
available amino acids, the various vitamins, the known coen- 
zymes, and a variety of purines and pyrimidines were investi- 
gated. In these studies, it became clear that the only materials 
of those tests giving suitable reactions (ninhydrin plus the re- 
action with ferricyanide) were certain substituted pyrimidines. 
Thus, it was considered desirable to extend the studies of the 
pyrimidines. Although it is recognized that the material in the 
hydrolysates was combined with carbohydrates, a comparison 
with uncombined materials seemed a reasonable place to start. 
The pyrimidines were obtained from the California Corporation 
for Biochemical Research as described in their listing of July, 
1959; the listing is stated to be according to the system approved 
by Chemical Abstracts. It is apparent from Table IV that a 


variety of substituted pyrimidines react as the ferricyanide- 
positive material in the hydrolysates of alkaline phosphatase. 
The most reactive compounds were the tetra-substituted pyrim- 
idines containing amino groupings; none of these compounds are 
known to be naturally occurring. A tetra-substituted pyrimidine 
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TABLE IV 
Reactions of substituted pyrimidines 
Ferric 
Pyrimidine | Ninhydrin | Lowry 
cyanide 
2-Amino-4,6-dioxy-........... +4+,r* 
4-Amino-2,6-dioxy-........... +,y + 
2-Amino-4,6-dioxy-5-methyl-..; ++ + +,y ++ 
5-Amino-2,4-dioxy-........... +,y |++++ 
5-Amino-2,4,6-trioxy-......... +++); ++ +,r 
2,5-Diamino-4,6-dioxy-....... +++-+/ ++ +,y |++4++4+ 
2,4-Diamino-6-oxy-........... + + 
2,4,5-Triamino-6-oxy-........ ++++) ++ 
4,5,6-Triamino-2-oxy-........ +++ ++ +,y ++4++4+ 
2,4,6-Triamino-.............. + ++ 
4,5,6-Triamino-.............. +++ +444 +,y 
2,4,5-Triamino-.............. 


*r = red; y = yellow. 


of known biological occurrence is divicine, a compound thought 
to have the 2,4-diamino, 5,6-dioxy structure. No authentic 
compound of this structure has been available for testing but 
dilute acid hydrolysates of vicine, isolated from vetch seeds, be- 
have as has been reported (23) and much as do the hydrolysates 
of alkaline phosphatase. A search is underway to locate vicine- 
like compounds containing pentose as well as glucose. In agree- 
ment with Morton (10) and others, we have found no phosphate 
in the preparations; the possible content of phosphate permits 
less than 1 phosphate per 10 molecules of glucose. 


DISCUSSION 


The characterization of the alkaline phosphatase of swine kid- 
ney (or of other tissues) presents several unique problems. The 
high order of purification necessary has limited the material 
available and truly satisfactory data as to homogeneity are not 
available. Also, the extent and nature of the modification of the 
alkaline phosphatase by the proteolytic digestion utilized in the 
release of the activity from the ribonucleoprotein particles and in 
the purification cannot be assessed at present. We have adopted 
the attitude that a reasonable goal is the characterization of the 
smallest particle or molecule bearing the catalytic activity; there- 
fore, we have attempted to remove as much protein as possible 
and to characterize the active material surviving this removal. 
The data presented in this report would indicate that the ma- 
terial obtained is essentially devoid of amino acids; the ninhydrin- 
reactive materials in the hydrolysates could not be identified as 
amino acids, and, indeed, most of the ninhydrin-reactive ma- 
terials were released by mild hydrolysis unlikely to release amino 
acids from peptide linkage and were found to be associated with 
carbohydrate. Thus, it would appear that the ninhydrin-re- 
active materials are breakdown products of some grouping as- 
sociated with carbohydrate in the alkaline phosphatase. The 
complete resistance of the activity to all proteolytic enzymes 
tested would tend to substantiate the conclusion that peptides 
are either not present or are not essential for activity. It is to 
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be admitted that it will be difficult to rule out protein, peptide, 
or amino acids as components of the active material. The 
method of Lowry et al. (12) for the detection of protein is posi- 
tive, as is the ninhydrin reaction but, as has been pointed out 
above, the method of Lowry and the ninhydrin reaction are not 
specific for protein, peptide, or amino acids. Should a protein 
be composed of those amino acids giving the less intense reactions 
with ninhydrin, it may be possible that as much as 5% contami- 
nation with such a protein might not be detected by our methods 
of chromatography; should this possible contaminant represent 
the activity, we must anticipate a specific activity of 20-fold 
greater than achieved, about 6,000,000 Roche units, and a total 
purification of about 1,000,000-fold. 

The tentative identification of the nitrogenous constituent of 
alkaline phosphatase as a tri- or tetra-substituted pyrimidine 
would seem the closest approximation at this time. Presumably, 
many more complex compounds with a similar ring system would 
have the proper absorbancy in the ultraviolet range and would 
respond to the tests with ferricyanide and with ninhydrin; of the 
rather long list of relatively simple materials tested, the pyrimi- 
dines were the only materials with the proper reactions. 

A point of pertinence to the question of whether or not the ma- 
terial we have isolated is a fragment of the material originally 
present in the ribonucleoprotein particles is the determination of 
the molecular weight at various stages of purification. Although 
such studies are still far from complete, it may be reported that 
gradient centrifugation has indicated a molecular weight of the 
purified material to be less than 10,000 and that studies of the 
same material with Sephadex (Pharmacia Laboratories, Inc.) 
have indicated a molecular weight that is less than that of ribo- 
nuclease or lysozyme. It should be remembered, however, that 
our preparations are isolated as the barium salt; we have made 
no observations as to the possible effects of barium on the ob- 
served molecular weights. 

Should one accept the conclusion that protein is not present, or 
if present, is not essential for activity, the problem becomes one 
of accounting for the catalytic activity without invoking the 
secondary structures of protein. Two factors seem worthy of 
consideration; first, activity is dependent upon the addition of a 
divalent metal ion (magnesium) and, second, the optimal pH is 
well above 9 and, depending upon the substrate and buffer em- 
ployed, may be as high as 10.5. Thus, should the optimal pH 
be determined even partially by the pK of an essential grouping 
in the catalyst, the imidazole grouping would not appear to be a 
particularly likely candidate. On the other hand, substituted 
pyrimidines have appropriate pK values to satisfy these criteria. 
In our work on this problem we have postulated that the phos- 
phatases are of at least two types; one type, the neutral phos- 
phatases, as illustrated by the inorganic pyrophosphatases, has 
a pH optimum near neutrality and appears to utilize the sulf- 
hydryl grouping as an essential grouping in its catalytic activity 
(24), whereas the second type illustrated by the alkaline phos- 
phatases has a pH optimum near 10 and utilizes a nonprotein 
nitrogenous constituent in the catalytic process. Jodoacetamide 
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and p-hydroxymercuribenzoate inhibit the inorganic pyrophos. _ 


phatase of brain (24) but are without effect on the alkaline phos. 
phatase of swine kidney; diisopropylfluorophosphate is without 
effect on either activity. 


metal ions, for the alkaline phosphatase. 


SUMMARY 


Alkaline phosphatase ,of swine kidney has been purified about | 


30,000-fold to a specific activity of 300,000 Roche units per mg of 
total nitrogen; this material appears to be homogeneous by paper 
electrophoresis, paper chromatography, by chromatography on 
Ecteola cellulose, and by countercurrent distribution. Although 
the material has an absorbancy in the ultraviolet range similar to 
proteins, no amino acids may be detected in hydrolysates. Com. 
ponents of the alkaline phosphatase have been identified as glu. 
cose, a pentose, and a nitrogenous component that appears to be 
a tri- or a tetra-substituted pyrimidine. 
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An examination of the Sanger structure of insulin (2) reveals 
that the one lysine and the one arginine in the molecule occur 
outside of the cystine bridges and in the last eight amino acid 
residues of the peptide chain having phenylalanine as the NH:- 
terminal residue (B chain). Trypsin would be expected to 
cleave alanine and the heptapeptide, Gly.Phe.Phe.Tyr.Thr.- 
Pro. Lys, from the molecule leaving a large portion of the mole- 
cule, desoctapeptide-insulin, intact. Sanger and Tuppy (3) and 
later Feitelson and Partridge (4) detected alanine and the hepta- 
peptide on paper chromatograms of the products of tryptic 
digestion of the oxidized B chain of insulin. Harris and Li (5) 
obtained the same paper chromatographic pattern from tryptic 
digestion of crystalline zinc-insulin. Nicol and Smith (6, 7) 
have reported studies on the isolation of desoctapeptide-insulin 
(designated DHA-insulin by these investigators). They origi- 
nally reported that desoctapeptide-insulin was biologically in- 
active in rabbits (6). However, Nicol recently (7) reported 
that desoctapeptide-insulin possessed about 15% of the biologi- 
cal activity of insulin in the lowering of the blood sugar of rab- 
bits and also in the uptake of glucose by the rat diaphragm. 

Our studies were initiated several years ago with the idea of 
developing procedures for the preparation, isolation, and char- 
acterization of desoctapeptide-insulin. We used a somewhat 
different approach to the problem than that of Nicol and have 
obtained what appear to be conflicting results with regard to 
the biological activity of the desoctapeptide-insulin. 


EXPERIMENTAL PROCEDURE 


Materials—Bovine insulin was used throughout. The results 
shown in Fig. 2a were obtained from crystalline zinc-insulin 
(Lot No. 535664 of Eli Lilly and Company). All other results 
were obtained with zinc-free insulin prepared from Lot No. 2189 
of the British Drug Houses, Ltd., by the procedure of Sluyter- 
man (8). Various trypsin preparations obtained from the 
Worthington Biochemical Corporation (Lots No. TR 664, TR 
433 C, TL 125, TR 452 SF) were investigated. Because of the 
results obtained in the chymotrypsin assays, only two of these 
preparations (TR 433 C and TR 664) were used in the digestion 


2 Supported in part by grant No. A-608 from the National In- 
stitute of Arthritis and Metabolic Diseases, National Institutes 
of Health. 

t This report is abstracted from a thesis submitted in partial 
fulfillment of the requirements for the degree of Doctor of Phi- 
losophy, at the University of California. A preliminary report 
was made at the annual meeting of the American Society of 
Biological Chemists, April 1959 (1). 


experiments. The chymotrypsin used was a Worthington prep- 
aration (Lot No. CD 445-8). 

Assay of Tryptic Activity—Trypsin activity was determined 
by the modification of the method of Schwert and Takenaka (9) 
in which the rate of hydrolysis of benzoyl arginine ethyl ester 
is followed spectrophotometrically (10). The concentration of 
trypsin solutions in mg of protein per ml was taken as equal to 
0.64 times the absorbancy at 280 muy in a 1-cm thick cuvette 
(10). Samples were kept at approximately pH 3 at 3° until 
assayed. 

Assay of Trypsin for Chymotryptic Activity—Chymotryptic 
activity was measured by observing the rate of increase in ab- 
sorbancy at 251 my in a l-cm thick cuvette as the ester group 
of N-benzoyl-.-phenylalanine methyl ester (11, 12) was hydro- 
lyzed. The substrate solution was 0.001 m with benzoyl] phenyl- 
alanine methyl ester, 10% with ethanol, and 0.05 m with pH 8 
phosphate buffer. The chymotryptic activity of trypsin prepa- 
rations was compared to that of a chymotrypsin preparation. 
The concentration of chymotrypsin solutions in mg of protein 
per ml was taken as equal to 0.53 times the absorbancy at 280 
my in a l-em thick cuvette (10). : 

Amino Acid Analyses—The method of Moore, Spackman, and 
Stein (13) was used for the determination of the alanine released 
during tryptic digestion and the amino acid composition of the 
other isolated products of digestion. Samples for amino acid 
composition were hydrolyzed for 24 hours by the method of 
Harfenist (14). 

Partition Column Chromatography of Heptapeptide—The hep- 
tapeptide was separated by partition column chromatography 
from lyophilized digests or from lyophilized supernatants after 
precipitation of desoctapeptide-insulin at pH 4.8. The prepa- 
ration of the columns and the technique of chromatography 
were similar to those already reported from this laboratory 
(15-17). The solvent system used was 2-butanol equilibrated 
with 0.1 N methyl sulfonic acid. The equilibration and chroma- 
tography were performed at 25°. Columns of 0.832-cm? cross- 
sectional area contained 9 g of Micro-cel' as the inert support 
and 15 ml of stationary phase. Approximately 10-mg samples 
were dissolved at 3° in moving phase to which was added 5 drops 
of 2-butanol before dilution to 2 ml. An aliquot (1.5 ml) of the 
cold solution was quickly applied to the top of the column be- 
fore phase separation occurred. Complete solution of the 
sample was obtained only in the case of the lyophilized digest. 


1 Trade name for a form of calcined diatomaceous earth supplied 
by Johns-Manville Products Corporation. : 
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The amount of digested insulin placed on the column was cal- 
culated from the absorbancy of the solution of 275 my. The 
amount of heptapeptide eluted from columns was calculated 
from the ninhydrin color vield in the heptapeptide peak, assum- 
ing that the heptapeptide gave a color yield equivalent to leu- 
cine (18). 

Isolation of Heptapeptide from Eluates of Partition Column 
Chromatograms—The eluates containing the heptapeptide from 
partition column chromatography were combined and extracted 
with 5 volumes of ether. The aqueous layer that formed was 
separated, and the ether layer was re-extracted with 7'y volume 
of 0.1 N HCl. To the combined aqueous layers a strongly basic 
ion exchange resin in the bicarbonate form? was added slowly 
until the pH reached 6 to 7 (approximately 2 g of resin per 50 
ml of aqueous layer). The resin was removed by filtration, and 
the filtrate was lyophilized to yield the heptapeptide as a pow- 
der. 

pH-Stat® Digestion of Insulin with Trypsin—A trypsin stock 
solution was prepared which contained 5 mg of protein per ml 
in 20 mm CaCl. in 0.004 m HCl. Just before use, the trypsin 
stock solution was diluted with an equal volume of water, and 
the pH was brought to 9.4. The pH-Stat was set to maintain 
a pH of 9.4 + 0.02 at 25°. Zinc-free insulin (5 mg per ml in 
0.004 m HCl) was placed in the digestion cell of the instrument, 
and the solution was brought to pH 9.4. Nitrogen was passed 
over the surface of the solution throughout the reaction. After 
the pH had been maintained for approximately 30 minutes, 
sufficient trypsin solution (pH 9.4, 2.5 mg per ml, 10 mm Ca**) 
was added to give a weight ratio of insulin to trypsin of 20:1. 
The reaction was allowed to proceed for approximately 2 hours 
after which time there was no uptake or very slight uptake of 
alkali. This digestion procedure was used for the preparation 
of desoctapeptide-insulin. Digestions were also performed at 
pH 8.4 and pH 7.4 with protein weight ratios of insulin to tryp- 
sin of 20:1. Digestions at pH 9.4 were also performed with 
weight ratios of insulin to trypsin of 50:1 and 100:1. In diges- 
tions in which less trypsin was used, the Ca** concentration 
was reduced proportionally. 

Isoelectric Precipitation of Desoctapeptide-insulin—Tryptic 
digests of insulin were adjusted to pH 4.8. The mixture was 
allowed to stand overnight at 3°, and the precipitate was col- 
lected by centrifugation at 4° in a bucket-head centrifuge, 
washed with water (three times), acetone (two times), and 
finally with U.S.P. ether (three times) from a newly opened 


ean. The precipitate was dried in a vacuum and stored at 


—10°. 

Partition Column Chromatography of Desoctapeptide-insulin 
and Zine-free Insulin—Desoctapeptide-insulin from pH-Stat 
digestion at pH 9.4 which had been isolated by isoelectric pre- 
cipitation and zine-free insulin were subjected to partition col- 
umn chromatography at 3° in the solvent system n-butanol-2- 
butanol (7:93) equilibrated with an equal volume of 0.1 N HCl. 
The chromatography was performed at 3° in order to avoid 
any transformations noted by Chrambach and Carpenter (17). 
The columns (cross-sectional areas of 0.832 cm? and 3.64 cm?) 
contained mixtures of diatomaceous earth suggested by Chram- 
bach and Carpenter (17). The sample was dissolved in a con- 
centration of approximately 1 mg per ml of moving phase to 


2 Amberlite-IRA 400 in the bicarbonate form. 
3’ Difunctional Recording Titrator, International Instrument 


Company, Canyon, California. 
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which 1 drop of 2-butanol per ml] of solution was added before — 


dilution to the desired volume. The desoctapeptide-insulin and 
insulin were isolated as their hydrochlorides by acetone precipi- 
tation of the aqueous phase obtained on adding ether to the 
eluted fractions (17). 


End Group Analyses—NH2-terminal end group analyses were | 


performed by the dinitrophenyl method described as ‘‘Method 
(1)” by Fraenkel-Conrat, Harris, and Levy (19). 

Calculations—The distribution constants (AK) were calculated 
according to the procedure of Carpenter and Hess (15). The 
amino acid content of each material is expressed as the ratio of 
moles of amino acid to moles of glycine, taking the glycine as 


1, 3, and 4 moles per mole of heptapeptide, desoctapeptide. | 


insulin, and insulin, respectively. 


RESULTS AND DISCUSSION 


Chymotryptic Activity of Trypsin Samples—A trypsin prepa- | 


ration quite free from chymotryptic activity was considered q | 


first essential to success in obtaining desoctapeptide-insulin, 
Trypsin samples were assayed for chymotryptic activity on the 
basis of the observation that the absorbancy of benzoyl] phenyl. 
alanine methyl] ester increases at 251 my as the ester bond is 
hydrolyzed. A value as low as 0.1% chymotryptic activity in 


trypsin samples (i.e. 0.1 g of chymotrypsin per 100 g of trypsin | 


preparation) could be assayed. In our hands, this assay worked 


better than the spectrophotometric method for assay of chymo- | 
trypsin in which N-acetyl tyrosine ethyl ester is the substrate — 
Various samples of commercial preparations of trypsin | 
(Worthington Biochemical Corporation) were assayed for chy- | 


(10). 


motryptic activity with the following results: a lyophilized salt- 
free sample (TL 125) was found to contain about 2% chymo- 


tryptic activity; two samples of twice recrystallized trypsin 
containing 50% MgSO, (TR 433 C, TR 664) were found to” 
contain about 0.1% chymotryptic activity; a salt-free recrystal- | 


lized sample (TR 452 SF) (20) contained approximately 0.2% 
chymotrypsin. 


experiments are illustrated in Fig. 1. 
of most but not all of the chymotryptic activity was accom- 
panied by a slow destruction of trypsin. 


to the work of McFadden and Laskowski (24) and Inagami ani 
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One of the samples (TL 125) was subjected? 
to acid (21) and urea (22) treatment in attempts to remove the» 
chymotryptic activity. The results of one of the acid treatment — 
The rapid destruction — 


Such acid-treated | 
preparations contained about 0.1% chymotryptic activity. Mo} 
trypsin sample could be shown by our assay to be completel 
free from chymotryptic activity. This finding lends suppor} 
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Sturtevant (25) who have reported evidence for an intrinsic 
chymotryptic-like activity in the trypsin molecule. 

Stability of Trypsin During Digestion—As might be expected 
from previous studies on the stability of trypsin (26, 27), calcium 
ions were found to stabilize the enzyme activity in digests of 
insulin with trypsin. The stability of trypsin during the diges- 
tion in the presence and in the absence of added Ca** and at 
various pH values up to 9.4 is shown in Fig. 2. At pH 7.5 in 
the presence of 20 mm Cat+ (Fig. 2a), the tryptic activity was 
fully retained for 24 hours, but the digestion mixture was turbid. 
Under comparable conditions in the absence of Ca++ the ac- 
tivity had dropped after 12 hours to less than 10% of the origi- 
nal activity (Fig. 2b). In the presence of 0.5 to 1 mm of Ca**, 
50 to 80% of the activity was retained after 12 hours, as is 
illustrated for pH 9.4 in Fig. 2c. In digestions performed in the 
pH-Stat, 80% of the original tryptic activity was retained after 
2 hours of digestion at pH 9.4 (trypsin-insulin 1:20, 5 mg of 
zine-free insulin per ml and 1 mm Ca**, 25°). 

Trypsin was found to be fully active toward the synthetic 
substrate, benzoyl arginine ethyl ester, at pH 9.4 (12). This 
pH was used in most of the digestions in order to obtain clear 
digestion solutions in the absence of added salt. 

Buffered Digestions of Insulin with Trypsin—In Fig. 2a a com- 
parison is shown of the rate of liberation of alanine and of in- 
crease in ninhydrin color during the digestion of zinc-insulin 
with trypsin in Tris buffer at pH 7.5. The digestion was per- 
formed in the presence of 20 mm Ca++ which gave a turbid 
solution. The digestion as judged by the release of alanine or 
increase in ninhydrin color proceeded to only about 20% of 
completion. When the Ca**+ was decreased to 0.5 mm, a nearly 
clear solution was obtained and the reaction went to 56% of 
completion in 16 hours as judged by the increase in ninhydrin 
color (12). In Fig. 2b the incomplete digestion (40% of the 
theoretical value as judged by the increase in material absorbing 
at 275 my in supernatant solutions from precipitation with 5% 
trichloroacetic acid) may be due to the instability of the trypsin 
during digestion in the absence of Ca**. 

The digestion curve of Fig. 2c shows that the heptapeptide 
released as determined by partition column chromatography 
does not correspond with the heptapeptide calculated to be re- 
leased by the method using the increase in the ultraviolet ab- 
sorption at 275 my of supernatants from trichloroacetic acid 
precipitation. The column method of analysis indicated that 
the expected yield of heptapeptide was released by the fourth 
hour and did not increase during the next 20 hours of digestion. 
The increase in the ultraviolet absorption of the supernatants 
from trichloroacetic acid precipitation appeared to level out at 
4 hours, but then started to increase again after about 12 hours. 
This diphasic phenomenon was observed in several experiments. 
The amount of heptapeptide released as judged by this proce- 
dure was well over 100% of the theoretical value and was still 
increasing after 24 hours. Analysis of the heptapeptide by the 
partition column method was tedious, but the results cast serious 
doubt on the reliability of following the course of the reaction 
by measuring the increase in absorbancy at 275 mu of superna- 
tants from trichloroacetic acid precipitation. 

Digestion of Insulin with Trypsin in the pH-Stat—Representa- 
tive digestion curves in which the moles of OH- consumed per 
mole of insulin are plotted against time are shown for various 
pH values and enzyme concentrations in Figs. 3 and 4. In 
most of the experiments there was a very slow consumption ot 
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Fic. 2. Rates of digestion of insulin (5 mg per ml) with trypsin 
(TR 433 C) at 25° and fraction of original tryptic activity (x) 
present. (a) Zinc-insulin with trypsin, 62:1, 0.01 m Tris pH 7.5, 
Ca** 20 mm. Alanine equivalents (©) determined by ninhydrin 
analyses and alanine (A) by ion exchange chromatography (13). 
(6) Zinc-free insulin with trypsin, 62:1, 0.01 N ammonium acetate 
pH 8, no Ca*t. Heptapeptide release (©) determined from 
absorbancy at 275 my in trichloroacetic acid supernatants. (c) 
Zinc-free insulin with trypsin, 28:1, pH 9.5 hydrazine acetate, 1 
mm Ca*+. Heptapeptide release (©) as in (6) and by partition 
column chromatography (A). 
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Fic. 3. Rate of uptake of OH- during digestion of insulin with 
trypsin in a pH-Stat (see text). 
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Fia. 4. Rate of uptake of OH~ during pH-Stat digestion at pH 
9.4 of insulin with trypsin at various enzyme concentrations. 
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OH- after the main enzyme reaction appeared to be complete. 
The consumption of alkali was corrected for this background 
consumption (generally less than 0.001 mole of OH- per mole of 
insulin initially present per minute). A difficulty in calculating 
the theoretical uptake of OH~ for the reaction is the unavaila- 
bility of the pK, of the amino group of the heptapeptide. This 
value has not as yet been determined. Table I contains the 
calculated release of hydrogen ion per mole of insulin digested 
at pH values of 7.4, 8.4, and 9.4 obtained by using two possible 
pK values of the amino group of the heptapeptide: pK. of 7 
(Column I) and pK, of 8 (Column II). The difference between 
the two calculations of the expected release of hydrogen ion is 
appreciable for digestions at pH 8.4 and pH 7.4 but not at pH 
9.4._ When the experimental value of the consumption of OH- 
(1.05 moles of OH- per mole of insulin) at pH 8.4 is compared 
to the expected uptake of OH- by the two calculations, it ap- 
pears that the pK, of the amino group of the heptapeptide may 
be closer to pH 7 than pH 8. It should be noted that the re- 
lease of alanine at pH 9.4 takes up only 20% of the total ex- 
pected uptake of OH- (Table I, Column I). Consequently, the 
pH-Stat method measures essentially the release of heptapeptide. 

Most of the digestions were performed at a pH of 9.4. Under 
these conditions the uptake of OH- (1.45 moles of OH™- per 
mole of insulin) was usually about 15% higher than expected. 


TABLE I 
Expected release of hydrogen ion by the action of trypsin on insulin 


| Digestion pH 


8.4 9.4 
| moles H*/mole compound 
+H,.Ala.O- _PK = 9.8?" | | 
| 
| 
Total moles of H* per mole hydro-— 
* The pK value is that of Smith e¢ al. (23). 
2- Butanoi/O.1N MeSO,H , 25° 
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Fic. 5. Elution pattern obtained from partition chromatogra- 
phy in 2-butanol-0.1 n MeSO;H system (a) of a lyophilized tryptic 
digest of zinc-free insulin, (6) of zinc-free insulin. 
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This may indicate some nonspecific) cleavage by the enzyme 
or by the basic medium in which the insulin is dissolved. The 
latter explanation is unlikely, in view of the fact that no al- 
kali consumption took place on incubating insulin in the ab- 
sence of enzyme. Another explanation for this high OH- con- 
sumption could be that a phenolic hydroxyl group of tyrosine 
is hydrogen bonded in intact insulin but is not bonded in the 
products of the digestion (28). Ionization of the freed phenolic 
group at pH 9.4 would release 0.17 mole of hydrogen ion per 
mole of insulin hydrolyzed. This amount of hydrogen repre. 
sents a 14% increase above that expected by the enzyme reac. 
tion when the value in Column I at pH 9.4 of Table I is used, 
The possibility of the breaking of a hydrogen bonded tyrosy] 
phenoxy] group which releases hydrogen ions by tryptic action 
on insulin would be an interesting property to correlate with the 
proposals of Scheraga et al. (28) on the change in the ultraviolet 
absorption curve of insulin during tryptic digestion. This cor- 
relation cannot be made, however, until the pK values of the 
dissociating groups in the heptapeptide are established. 

Most of the digestions which were used for product isolation 
were performed at pH 9.4, 25°, with an insulin to trypsin ratio 
of 20:1. The reaction was essentially complete in 2 hours under 
these conditions (Fig. 3). Digestions that were performed at 


pH 8.4 (Fig. 3) proceeded rapidly, although the solutions were | 
When digestions were attempted in salt- | 


often slightly turbid. 
free solutions at pH 7.4 (Fig. 3) an extremely turbid solution 
was produced immediately upon admixture of the trypsin with 
the insulin. Analyses of the precipitate that formed under such 
conditions revealed that it contained both trypsin and insulin in 
about equal weight ratios (12). The complex formation is 


probably caused by the dissimilarity in charges of the two pro- © 
teins at this pH (trypsin is a basic protein whereas insulin is © 


acidic). The formation of such complexes may explain the diff- 


culty experienced in this and other laboratories (6, 7) in obtain- — 
Van Abeele and Campbell — 
(29) found that tryptic-treated insulin contained proteolytic — 
activity. Such complex formation may well affect the kinetics | 
It is possible that complex formation during — 
digestion at pH values near 7 may be avoided by the addition 


ing complete digestion of insulin. 


of the reaction. 


of salt to the medium (28). | 
Isolation and Analysis of Heptapeptide Material—The hepta- 
peptide and alanine present in the supernatants from isoelectric 


precipitation of desoctapeptide-insulin were resolved on parti- 


tion columns with the use of 2-butanol equilibrated with 0.1 
N methy] sulfonic acid at 25°. A representative elution pattem 


is shown in Fig. 5a. In the 2-butanol-0.1 N methyl sulfonic acid | 
system, the heptapeptide emerged at an elution volume corre- | 
sponding to a distribution constant (K) equal to 0.56. The © 


heptapeptide was well separated from alanine (K = 0.15) and 
also from any undigested insulin which may have been present 
and which would have moved with a K value of 0.07 in this 
system (cf. Fig. 5b). The 2-butanol-0.1 n methyl sulfonic acid 
system did not prove satisfactory for the isolation of desocta- 
peptide-insulin. Under the conditions used to apply the diges- 
tion mixture and to isolate the heptapeptide and alanine, the 
desoctapeptide-insulin was retained on the column. 

The heptapeptide material was subjected to quantitative 


amino acid analysis (Table II). No alanine was present which | 
is evidence that the lysyl-alanine bond was completely cleaved — 


under the conditions of the digestion. 
Isolation of Desoctapeptide-insulin—The desoctapeptide-insulin 
was isolated from digestions of zinc-free insulin performed at 
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25° in the pH-Stat at pH 9.4. The digestion mixture was ad- 
justed to pH 4.8 in order to precipitate the desoctapeptide- 
insulin in the isoelectric form. The isoelectric point was cal- 
culated from a summation of the charges on the molecule arising 
from each of the functional groups and was confirmed by solu- 
bility studies (12). The shift in the isoelectric point from 5.4 
to 4.8 suggests that ion exchange chromatography (30) might 
separate insulin from desoctapeptide-insulin. 

The isoelectric precipitate was subjected to partition column 
chromatography at 3° in the system n-butanol-2-butanol (7:93) 
equilibrated with 0.1 N HCl. This system was developed from 
experience gained in this laboratory on the chromatography of 
insulin (17). As illustrated in Fig. 6b, the system yields a good 
separation of desoctapeptide-insulin (A = 0.11) from insulin 
(K = 0.15). When the isoelectric precipitate was chromato- 
graphed, a result similar to that in Fig. 6a was obtained. A 
minor peak was found which came out at about the place one 
would expect to find undigested insulin (cf. Figs. 6a and 6b). 
This was followed by a major component which upon isolation 
and rechromatography gave a symmetrical peak (Fig. 6b). The 
desoctapeptide-insulin was isolated as its hydrochloride from 
the eluate fractions of the second chromatography and subjected 
to further characterization. The approximate yields obtained 
at each stage of the preparation of rechromatographed desocta- 
peptide-insulin were as follows: zinc-insulin (1 g) — zinc-free 
insulin (0.82 g) — isoelectric precipitate of desoctapeptide- 
insulin (0.61 g) — desoctapeptide-insulin in eluates of the main 
peak in the first chromatography (0.37 g) — desoctapeptide- 
insulin as solid hydrochloride (0.28) — desoctapeptide-insulin 


TaBLeE II 


Results of amino acid analyses 


Residues per mole* 
Amino acid Heptapeptide Insulint 
Experi- | Theo- |Experi- | Theo- |Experi- | Theo- 
mental | retical ; mental}; retical | mental | retical 
0.0 0 2.2 2 1.9 2 
0.0 0 1.0 1 1.0 1 
0.0 0 2.8 3 2.9 3 
0.0 0 6.2 7 6.8 7 
1.0 1 0.0 0 1.3 1 
ben 1.0 1 3.0 3 4.0 4 
0.0 0 2.2 2 2.7 3 
pera a 0.0 0 5.8 6 4.7 6 
0.0 0 5.1 5 4.7 5 
0.0 0 0.8 1 0.8 1 
0.0 0 5.7 6 5.6 6 
0.8 1 2.4 3 3.6 4 
2.1 2 0.9 1 3.0 3 


* The residues of each amino acid per mole were calculated 
relative to glycine which was assigned values of 1, 3, or 4 moles 
per mole of heptapeptide, desoctapeptide-insulin, or insulin, 
respectively. 

t Zinc-free insulin. 

} Average of three analyses on the long column and two analy- 
ses on the short column (13). 
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7% n- Butanol in 2-Butanol / O.1N HCI, 3° 
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Fic. 6. Elution patterns of partition column chromatography 
in the n-butanol-2-butanol (7:93)-0.1 Nn HCl system of (a) the 
isoelectric precipitate of desoctapeptide-insulin and (6) chroma- 
tography of the main peak from (a) (O) and insulin (X). 


in eluates after second chromatography (0.21 g) — desoctapep- 
tide-insulin as solid hydrochloride (0.16 g). 

The results of quantitative amino acid analysis of the hepta- 
peptide, of rechromatographed desoctapeptide-insulin, and of 
zinc-free insulin are shown in Table II. The significant point 
about these analyses is the complete lack of lysine, proline, and 
threonine in the rechromatographed desoctapeptide-insulin. 
These three amino acids were not detectable in the ion exchange 
analysis even upon application to the column of 9.3 mg of sam- 
ple which is about 5 to 10 times the normal amount of sample 
used in an amino acid analysis of a protein (13). Of further 
interest is the fact that the minor component (see Fig. 6a) which 
moves on the partition column with about the same K value as 
undigested insulin also lacked the three key amino acids (12). 
This finding is of interest in view of the fact that the insulin 
used in these studies gave evidence of heterogeneity in partition 
column chromatography (see Fig. 6b) (17). It is possible that 
all components are acted upon by trypsin to give several forms 
of desoctapeptide-insulin. 

When NH--terminal amino acids of desoctapeptide-insulin 
were determined, the only NH--terminal groups revealed were 
glycine and phenylalanine which are also present in undigested 
insulin. The amount of material used in these studies was such 
that any NH--terminal residue present in an amount equal to 
5% of the NH,-terminal phenylalanine residue would have been 
detected. 

Biological Assays—Some of the fractions isolated in this study 
were assayed for biological activity by the mouse convulsion 
test.4 Insulin which had been incubated at pH 9.4 (in the 


‘ These assays were performed at Eli Lilly and Company with 
the use of the mouse convulsion assay (see Smith (36) for a general 
description of the assay). The various samples were estimated to 
contain from 1 to 3 units per mg. Solutions prepared on these 
estimates were injected into mice in a volume such that, if the 
estimate was correct, 50% of the mice should have exhibited con- 
vulsions. Each sample was injected into at least 40 animals (in 


groups of 20) and compared with an equal number of animals 
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absence of trypsin), precipitated at pH 5.4, partition column 
chromatographed at 3°, and isolated in the solid form as the 
hydrochloride was fully active (24 + 3.6 units per mg). The 
purified desoctapeptide-insulin which had been obtained from 
a digestion at pH 9.4 was inactive at the level assayed (<1 unit 
per mg). The purified heptapeptide was also inactive in this 
assay (<0.25 unit per mg). This lack of biological activity in 
the purified products was also noted in an assay of a sample 
which contained both products. This latter sample was pre- 
pared by lyophilization of the mixture obtained by complete 
digestion of insulin at pH 9.4 and was found to contain less than 
0.5 unit per mg. The products obtained at the stage of isoelec- 
tric precipitation of digestion mixtures which were performed 
at either pH 9.4 or 8.4 were also assayed. The material from 
pH 9.4 digestion was inactive, whereas that from the pH 8.4 
digestion contained a small amount of activity (0.7 unit per 
mg). 

These results are in contrast to the recent reports of Nicol 
(7), who found that desoctapeptide-insulin possessed 15% of 
the biological activity of insulin as judged by the lowering of 
the blood sugar level in rabbits or by the rate of uptake of glucose 
by the rat diaphragm. The significance of the latter test with 
regard to antidiabetogenic properties is open to doubt. This is 
especially true in view of the recent report by Langdon (31) 
on the insulin-like activity of the reduced B chain of insulin on 
the respiratory quotient and ability to utilize glucose of rat 
adipose tissue. On the other hand, it has been demonstrated 
that reduced insulin has no biological activity in the intact 
animal (32, 33). However, the activity of desoctapeptide-in- 
sulin, observed by Nicol, in the lowering of the blood sugar level 
of rabbits, appears to be in conflict with the results obtained on 
our materials in the mouse convulsion assays. Since there is 
generally good agreement between results obtained by the lower- 
ing of blood sugar level in rabbits and the mouse convulsion 
assay (34), it is unlikely that the conflict can be traced to differ- 
ences in the type of assay. It is possible that Nicol’s material 
was contaminated with a small amount of insulin or that our 
material had undergone some unknown inactivation during the 
isolation procedure. The latter possibility appears unlikely in 
view of the fact that native insulin was subjected to the same 
conditions of incubation and isolation without loss of biological 
activity. In any event, these differences remain to be resolved 
and are the subject of current investigations. In this connec- 
tion, the heptapeptide, Gly.Phe.Phe.Tyr.Thr.Pro. Lys, has 
been synthesized (35) and it, as well as desoctapeptide-insulin, 
is being subjected to a number of biological assays. 


SUMMARY 


Several procedures for following the course of the reaction of 
trypsin with insulin are described. Conditions were developed 
by which the tryptic hydrolysis of insulin was essentially com- 
plete in 2 hours at 25°. The products of tryptic action on 
bovine insulin, alanine, heptapeptide (Gly. Phe. Phe. Tyr. Thr. - 
Pro. Lys), and desoctapeptide-insulin, were separated in appar- 
ently homogeneous condition by partition column chromato- 
graphic procedures. These products were characterized by 
their quantitative amino acid composition. Neither desocta- 
peptide-insulin nor the heptapeptide, either singly or together, 
possessed appreciable activity (<4°% of native insulin) in the 
mouse convulsion assay. 


receiving standard insulin. In most cases either none or 1 in 20 


animals receiving the experimental samples exhibited convulsions. 


Action of Trypsin on Insulin 


Vol. 236, No. 3 


Acknowledgment—The authors are greatly indebted to Dr. 


O. K. Behrens and Dr. E. L. Grinnan of Eli Lilly and Company ~ 


for generous supplies of insulin and for performing the insulin 
assays by the mouse convulsion test. We also wish to thank 


Mrs. Juanita L’Esperance Neilands and Dr. A. C. Chrambach ~ 


for aid in developing the chromatographic procedures and Dr. 
M. L. Dirksen for her helpful suggestions in the use of the pH. 
Stat. 


REFERENCES 


1. CARPENTER, F. H., ano Youna, J. D., Federation Proc., 18, 
201 (1959). 
2. Ryve, A. P., Sancer, F., Smitu, L. F., Krrat, R., Bio. 
chem. J., 60, 541 (1955). 
3. SANGER, F., anp Tuppy, H., Biochem. J., 49, 481 (1951). 
4, FEITELSON, J., AND PARTRIDGE, S. M., Biochem. J., 64, 607 
(1956). 
5. Harris, J. I., anp Li, C. H., J. Am. Chem. Soc., 74, 2945 (1952). 
6. Nicot, D. S. H. W., ANp Situ, L. F., Biochem. J., 64, 17P 
(1956). 
. Nico, D. 8S. H. W., Biochem. J., 75, 395 (1960). 
. SCHWERT, G. W., AND TAKENAKA, Y., Biochim. et Biophys. 
Acta, 16, 570 (1955). 
10. Worthington descriptive manual No. 8, Worthington Biochem. 
ical Corporation, Freehold, N. J., April, 1956. 
11. Srercer, R. E., J. Org. Chem., 9, 396 (1944). 
12. Youna, J. D., Ph.D. thesis, University of California, Berke. 
ley, California, 1960. 
13. Moore, 8., SpacKMAN, D. H., AND STEIN, W. H., Anal. Chem., 
30, 1185 (1958). 
14. HarFENIsT, E. J., J. Am. Chem. Soc., 75, 5528 (1953). 
15. CARPENTER, F. H., anp Hess, G. P., J. Am. Chem. Soc., %8, 
3351 (1956). 
16. CARPENTER, F. H., Arch. Biochem. Biophys., 78, 539 (1958). 
17. CoraMBACH, A. C., AND CARPENTER, F. H., J. Biol. Chem., 
235, 3478 (1960). 
18. Moore, S., AND STEIN, W. H., J. Biol. Chem., 211, 907 (1954). 


7 
8. SLUYTERMAN, L. A. , Biochim. et "Biophys. Acta, 17, 169 (1955) 
9 


19. FRAENKEL-ConrRaT, H., Harris, J. I., Levy, A. L.,inD, 


Guick (Editor), Methods of biochemical analysis, Vol. II, 
Interscience Publishers, Inc., New York, 1955, p. 359. 

20. Giso, D. T., RAMACHANDRAN, L. K., AND STANLEY, W. M., 
Arch. Biochem. Biophys., 78, 433 (1958). 

21. NorturRvpe, J. H., anp Kunitz, M., in E. ABDERHALDEN (Edi- © 
tor), Handbuch der biologischen Arbeitsmethoden, Vol. IV, 
Part 2, Urban and Schwarzenberg, Berlin, 1936, p. 2213. 

22. Harris, J. I., Nature (London), 177, 471 (1956). 

23. Smitu, P. K., Taytor, A. C., aNp Situ, E. R. B., J. Biol. 
Chem., 122, 109 (1937-1938). 

24. McFappen, M. L., LaskowskI, M., Abstracts of 
papers of the 130th meeting of the American chemical society, 
Washington, 1956, p. 71C. 

25. INaGami, T., AND STURTEVANT, J. M., J. Biol. Chem., 235, 
1019 (1960). 

26. Bier, M., anp Noro, F. F., Arch. Biochem. Biophys., 38, 32 
(1951). 

27. CREWTHER, W.G., Australian J. Biol. Sct., 6, 597 (1953). 

28. LaskowskI, M., Jr., Leacu, S. J., AND Scueraaa, H. A., 
Am. Chem. Soc., 82, 571 (1960). 

29. VAN ABEELE, F. R., AND CAMPBELL, E. D., Federation Proc., 
10, 263 (1951). 

30. Cog, R. D., J. Biol. Chem., 235, 2294 (1960). 

31. Lanapon, R. G., J. Biol. Chem., 236, PC15 (1960). 

32. pU VIGNEAUD, V., Fitcu, A., PEKAREK, E., AND LocKWooD, 
W.W., J. Biol. Chem., 94, 233 (1931-1932). 

33. WINTERSTEINER, O., J. Biol. Chem., 102, 473 (1933). 

34. STEWART, G. A., British Med. Bull., 16, 196 (1960). 

35. SHIELDS, J. E., AND CARPENTER, F. H. , Abstracts of papers of 
the 138th meeting of the American chemical society, New York, 
1960, p. 70C. 

36. SmitH, K. L., in C. W. Emmens (Editor), Hormone assay, 
Academic Press, Inc., New York, 1950, p. 63. 


Tr 


| F 
to 
dit 
0.0 
Ox 
wt 
nat 
alk 
in 
nue 
the 
ack 
ate 
| | 
asc 
acet 
Sou 
Mag 
pare 
sodi 
met 
135° 
Tl 
4.8 
chlo1 
Afte 
take 
over 
this 
matc 
Nati 


OD, 


3 of 


ork, 


ay, 


Tue JouRNAL OF BroLocica, CHEMISTRY 
Vol. 236, No. 3, March 1961 
Printed in U.S.A. 


The Inhibition of Fumarase and Malic Dehydrogenase 
by pi-G-Fluoromalic Acid* 


ALVIN I. KRASNA 


From the Department of Biochemistry, College of Physicians and Surgeons, Columbia University, New York, New York 


(Received for publication, September 22, 1960) 


The competitive inhibition of malic dehydrogenase by 6-fluoro- 
oxaloacetate has been reported by Kun et al. (1). In addition 
to its inhibitory effect, G-fluoro-oxaloacetate also oxidized reduced 
diphosphopyridine nucleotide enzymatically, but at a rate only 
0.02% that of oxaloacetate. It was also shown (2) that B-fluoro- 
oxaloacetate was a competitive inhibitor of glutamic-aspartic 
transaminase, and when tested as a substrate, it was transami- 
nated at one-thirtieth the rate of oxaloacetate. 

Taylor and Kent (3) prepared disodium §-fluoromalate by the 
alkaline hydrolysis of dimethyl 6-fluoromalate. This product 
inhibited the malic enzyme and di- and triphosphopyridine 
nucleotide-dependent malic dehydrogenase, but did not inhibit 
erystalline fumarase (4). Callely and Dagley (5) found that in 
the presence of 6-fluoromalate, a vibrio accumulated pyruvic 
acid when grown on malate. The oxidations of pyruvate, mal- 
ate, fumarate, and succinate were inhibited in the presence of 
8-fluoromalate. 

This paper describes the synthesis in pure form of two isomers 
of pi-B-fluoromalic acid and the inhibition of malic dehydrogen- 
ase and fumarase by one of these isomers. 


EXPERIMENTAL PROCEDURE 


Synthesis of DL-B-Fluoromalic Acid 


Diethy] 8-fluoro-oxaloacetate was prepared from ethyl] fluoro- 
acetate (Columbia Organic Chemicals Company, Inc., Columbia, 
South Carolina) and diethyl oxalate, as described by Blank, 
Mager, and Bergmann (6). Dimethyl] 8-fluoromalate was pre- 
pared from diethyl #-fluoro-oxaloacetate by reduction with 
sodium borohydride in methanol, essentially according to the 
method of Taylor and Kent (3). The fraction boiling at 125- 
135° at 18 mm was collected. Elementary analysis for dimethyl 
8-fluoromalate, 


Calculated: C 40.0, H 5.0 
Found: C 39.8, H 4.6 


The dimethyl 8-fluoromalate was hydrolyzed by dissolving 
4.8 g of the ester in a mixture of 67 ml of concentrated hydro- 
chloric acid and 133 ml of concentrated glacial acetic acid (7). 
After standing for 3 days at room temperature, the solution was 
taken to dryness in a vacuum and placed in a vacuum desiccator 
over NaOH and P.O; for 3 days. All attempts to crystallize 
this material were unsuccessful. The material was then chro- 
matographed on a silica gel column, 1.7 by 35em. The prepara- 


* This investigation was supported by a research grant from the 
National Science Foundation (NSF G-9587). 


tion of the column and the separation of the acids were similar 
to the procedure of Bulen et al. (8). The column was eluted first 
with 15% butanol in chloroform and then with 35% butanol in 
chloroform. The elution chromatogram is shown in Fig.1. The 
water layer from each fraction (separated from the CHCl;) was 
decolorized with Norit to remove the phenol red indicator, con- 
centrated to a small volume in a vacuum, acidified with H.SO,, 
and extracted with ether. After drying over Na2SO,, each frac- 
tion was taken to dryness, and the residues were crystallized 
from ethyl acetate-ligroin (66-75°). Only Fractions A (0.097 g) 
and B (1.31 g) yielded crystalline solids; the other fractions were 
oils and were discarded. The analysis of Fractions A and B is 
given in Table I. The infrared spectra of Fractions A and B are 
shown in Fig. 2. The spectra of the two isomers are different, 
but a definite stereochemical assignment cannot be made on this 
basis. The OH stretching frequencies from 2.8 to 3.5 uw are es- 
sentially identical in both compounds. The C=O frequency is 
5.75 w for A, and in B this absorption is split into two peaks at 
5.64 and 5.81 uw. The two compounds differ considerably in the 
8.5 to 10.0 uw range which is due to the C—OH and C—F absorp- 
tions. Compound A absorbs at 8.8 and 9.23 uw, whereas B shows 
peaks at 8.56, 9.0, 9.16, and 9.89 y. 

When the distillation of the dimethyl 8-fluoromalate was 
continued after the main fraction had been recovered, a higher 
boiling fraction, boiling point, 146-178° at 18 mm, was 
obtained. When this fraction (4.61 g) was hydrolyzed and 
chromatographed as above, 6-fluoromalic acids A (0.047 g) and B 
(0.375 g) were obtained. 

To prepare the anhydrous disodium salt of B-fluoromalic acid 
for use in the enzyme experiments, the acid was neutralized with 
sodium hydroxide and the solution was lyophilized to dryness 
and dried in a vacuum desiccator over H2SO, and P:O;. 


Enzyme Assays 


Fumarase—Cell-free extracts of Proteus vulgaris prepared as 
described previously (9) were used as the source of fumarase. 
To test the pt-6-fluoromalic acid as a substrate for the enzyme, 
the disodium salt was dissolved in 0.07 m phosphate buffer pH 
7.0, so that the solution after the addition of the enzyme was 
1.36 mM in DL-6-fluoromalate. As a check on the activity of the 
enzyme, a similar reaction was carried out with 0.68 mM L-malate. 
The reaction was followed spectrophotometrically at 37° from 
220 to 310 mp. Although the reaction with L-malate was com- 
pleted within an hour, all reactions were continued for 48 hours 
so that even a small rate of reaction could be determined. With 
DL-6-fluoromalate B as the substrate there was no change in the 
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L-malate as the substrate the absorbancy increased greatly. 
Lt-Malate and gave very similar absorption 
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Fic. 1. Silica gel chromatography of acid hydrolysate of di- 
methyl 6-fluoromalate. The chromatogram was obtained from 
the hydrolysis products of 4.8 g (26.6 mmoles) of dimethyl 8-fluoro- 
malate with hydrochloric and acetic acids (1:2). The column 
(1.7 by 35 em) contained 25 g of silica and 15 ml of 0.5 Nn H2SQ,. 
The column was washed with chloroform before elution with 15% 
butanol was started. Samples (10 ml) were collected and titrated 
with 0.1 n NaOH with phenol red as indicator. The acids coming 
off the column required 37.26 m.eq. of alkali corresponding to 70% 
of the starting ester. Fraction A contained 3.72 m.eq. of acid 
and fraction B, 21.6 m.eq. 


TABLE 
Analysis of B-fluoromalic acid fractions 


- 


| Calculated for 
A B B-fluoromalic 
acid, CeHsOsF 
Melting point (uncorrected). 192-193°*, 172-174° 
Equivalent weight.......... | 76.2 77.5 76 
pK, (25°) 2.73 
| 31.57 31.68 31.55 


* Melting point of mixture of Fractions A and B, 160-167°. 
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absorption. Fumarate, on the other hand, showed very strong . 
end absorption in this region. After this work was completed, — 


a sample of fluorofumaric acid was made available by Dr. Ernst 


Bergmann and its spectrum was very similar to that of fumaric — 


acid. 


25°. 


the decrease in optical density at 260 my was measured (10). 


Malic Dehydrogenase—The enzyme preparation from pig | 


heart was purchased from the Worthington Biochemical Corpora. 
tion. 
zyme, the disodium salt at a final concentration of 0.02 m in 0.1 
M glycine buffer pH 8.8 was treated with a large amount of the 
enzyme in the presence of 3.5 X 10-*m DPN at 25°. The reac. 
tion was followed for a few hours at 340 my. Under these 
conditions with disodium t-malate as substrate, the reaction was 
completed in a few minutes. 

To study the inhibitory effect of pui-6-fluoromalate on the 
malate — oxaloacetate reaction, the concentration of bt-f- 
fluoromalate was kept constant while the L-malate concentration 
was varied. The DPN concentration was 3.5 10‘ M, and 
the reaction was carried out in 0.1 m glycine buffer pH 8.8 at 25°, 


and was followed by measuring the increase in optical density at © 
The inhibition of the oxaloacetate — malate © 
reaction was studied by varying the 8-fluoromalate concentra. 


340 my (11). 


tion at constant DPNH (1 xX 10-4 Mm) and oxaloacetate (1.3 x 
10-4 m7) concentrations in 0.1 m phosphate buffer pH 7.4 at 25° 
(12). The reaction was followed by measuring the decrease in 
optical density at 340 mu. 


RESULTS AND DISCUSSION 


Synthesis of B-Fluoromalic Acid—The hydrolysis of dimethyl — 


8-fluoromalate by the ester interchange procedure proved to bea 


very satisfactory method for the preparation of the free acid. 
This method has also been used for the preparation of B-fluoro- _ 
It is superior to alkaline © 


oxaloacetic acid (1) from its ester. 
hydrolysis, which can cause the loss of hydrogen fluoride. As 
can be seen from Fig. 1, hydrolysis of the ester produces a variety 
of acids, a fact which accounts for the lack of success of all at- 


PERCENT TRANSMITTANCE 
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Fic. 2. Infrared spectra of 8-fluoromalic acids A and B. The spectra were recorded with a Perkin-Elmer spcctrophotometer 
model 21. The samples were prepared as KBr pellets in 0.3% concentration. 


To test the pi-8-fluoromalate as a substrate for the en. | 


To study the inhibitory effect of pL-8-fluoromalate on fuma- | 
rase, the fluoromalate concentration was kept constant while the — 
concentrations of either L-malate or fumarate were varied. Both © 
reactions were carried out in 0.033 m phosphate buffer pH 7.0 at — 
With t-malate as substrate the increase in optical density | 
at 240 mu was measured, whereas with fumarate as substrate © 
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tempts at crystallization before chromatography. On chro- 
matography, acids equivalent to 70% of the starting ester were 
obtained. The 8-fluoromalic acids A and B were obtained in 
7% and 40% yields, respectively. Elemental analysis and equiv- 
alent weights show that both Fractions A and B are pi-6-fluoro- 
malic acid. The relative position in the chromatogram of B 
indicates that it is probably more hydrophilic than A. 

The two fractions, A and B, are undoubtedly the separated 
threo and erythro isomers of puL-6-fluoromalic acid. It is not 
possible at this time to make a definite assignment of configura- 
tion to the two isomers. Work is presently in progress to assign 
these configurations unequivocally. It must be borne in mind 
that the two separated isomers A and B are not optically pure 
but are DL mixtures. 

In the reduction of diethyl 8-fluoro-oxaloacetate with sodium 
borohydride, Fraction B was formed in 6 times greater quantity 
than Fraction A. In an effort to prepare larger quantities of A, 
the reduction of the keto ester with molecular hydrogen was 
attempted. Diethyl 8-fluoro-oxaloacetate (60 m.eq.) in ethyl 
acetate was reduced in the presence of platinum oxide with 60 
m.eq. of hydrogen gas. After removal of the ethyl acetate, the 
residue was hydrolyzed and chromatographed as described in 
“Experimental Procedure.’’ The two major fractions obtained 
were succinic acid (18.6 m.eq.) and oxalic acid (15.6 m.eq.). 
The formation of 18.6 m.eq. of succinic acid from dimethyl £- 
fluoro-oxaloacetate would require 56 m.eq. of hydrogen, and 
60 m.eq. were actually taken up. The loss of fluorine on reduc- 
tion is not unexpected, but reduction to succinic acid is. If the 
fluorine is first removed to form oxaloacetic ester, further reduc- 
tion would have been expected to form malate, not succinate. 
Oxalic acid probably was formed by the decomposition of 
8-fluoro-oxaloacetic acid during the hydrolysis or chromatog- 
raphy. It has been shown (6) that acid hydrolysis of diethyl 
8-fluoro-oxaloacetate yields oxalic acid. No 8-fluoromalic acid 
was formed by the catalytic reduction. 

Inhibition of Fumarase by B-Fluoromalate—Since the 8-fluoro- 
malic acid A was produced in such small quantities by the syn- 
thetic method employed, not enough material was available for 
studying its substrate and inhibitory properties in the fumarase 
and malic dehydrogenase enzyme systems. The enzyme experi- 
ments to be described were therefore performed only with the 
DL-6-fluoromalic acid B. 

The fact that the 6-fluoromalic acid B was not optically pure 
imposes certain limitations on the results to be described. One 
of the optical isomers may have a much greater affinity for the 
enzyme than the other and the inhibition constant may apply to 
only one of the optical isomers so that the actual dissociation con- 
stant may be half the apparent value. It isalso possible that the 
inhibition constant is a composite constant for two distinct 
optical species, one of which might be an inhibitor and the other 
a weak substrate. However, it is rather unlikely that this would 
completely mask weak substrate activity. Since the optically 
pure compounds were not available, the inhibition constants 
reported below were calculated for the pL acid assuming for the 
calculation that both optical isomers are equally inhibitory. 

The p1i-8-fluoromalate B was not a substrate for fumarase. 
Even when tested at very high concentrations in the presence of 
large amounts of the enzyme for periods as long as 48 hours, there 
was no evidence for any reaction. Under identical conditions, 
L-malate reacted rapidly and reached equilibrium in a short time. 
The fluorine analogue cannot be completely excluded as a sub- 
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Fic. 3. Inhibition of fumarase-catalyzed malate — fumarate 
reaction by pL-§-fluoromalate B. The inhibitor concentration 
was kept constant while the substrate concentration was varied. 
The reaction was carried out in 0.033 m phosphate buffer pH 7.0 
at 25°, as described in the text. The substrate concentration, 
S, is expressed in moles per liter, and v is the rate of fumarate 
formation in wmoles per minute. 


50 100 


strate, but if it is, it reacts at a rate one-hundredth or less of that 
of t-malate. 

Since pL-8-fluoromalate B was not a substrate for fumarase, 
it was of interest to determine whether it inhibited the malate > 
fumarate reaction catalyzed by the enzyme. The results of 
such an experiment are shown in Fig. 3, in which the reciprocal 
of the substrate concentration is plotted against the reciprocal 
of the velocity of the reaction in the absence of and in the pres- 
ence of two different concentrations of pui-§-fluoromalate B. 
The curves suggest that the fluorine analogue is a competitive 
inhibitor of fumarase, which is to be expected in view of the 
similarity between the substrate and inhibitor. From these 
data the Michaelis constant K,,, of the fumarase of Proteus 
vulgaris for malate was calculated to be 3.5 xX 10-%. The ap- 
parent A; at 0.033 m concentration of inhibitor was 2.8 x 10-?, 
and at double the inhibitor concentration was 2.7 « 10-. 

The effect of p1i-8-fluoromalate B on the reverse reaction, 
fumarate — malate, catalyzed by fumarase is shown in Fig. 4. 
The results suggest that 8-fluoromalate B is also a competitive 
inhibitor of this reaction. From the results shown in Fig. 4, the 
K., of the fumarase of Proteus vulgaris for fumarate was calcu- 
lated to be 1.4 X 10-8. The apparent K; at 0.025 m inhibitor 
concentration was 3.6 X 10-?, and at 0.03 M concentration was 
3.0 X 107. 

In Table II are summarized the K,,, A;, and Vmax values for 
the inhibition of fumarase by pt-@-fluoromalate B with both 
malate and fumarate as substrates. The apparent AK; values 
should be the same at different inhibitor concentrations and 
should be unaffected by the choice of substrate. Therefore, the 
variations of the K; values in Table II are not significant but are 
merely experimental deviations. 

The equilibrium constant for the fumarate = malate reaction 
was calculated to be 4.06 from the K,, values and the maximal 
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velocities (corrected to the same enzyme concentration) with the 
use of the relationship: 


fumarate 


K tumarate V malate 

Alberty et al. (13) in a study of pig heart fumarase in 0.033 mM 
phosphate buffer pH 7.0, found the A,, for malate to be 1.59 xX 
10-3 and for fumarate 0.87 XK 107%. The equilibrium constant 
obtained from these values and from the maximal velocities was 
4.2. 

In view of the inhibition of fumarase by pL-8-fluoromalate B, 
it is surprising that Gal (4) reported that disodium fluoromalate 
did not inhibit crystalline fumarase. The fumarase preparation 
used in the present work was a preparation from Proteus vulgaris, 
whereas Gal used a crystalline fumarase from pig heart. In 
addition the disodium fluoromalate used by Gal was prepared 
by the alkaline hydrolysis of the dimethyl ester and was not 
further purified. 


64 
56 


48 


x 1072 

Fic. 4. Inhibition of fumarase-catalyzed fumarate — malate 
reaction by pu-6-fluoromalate B. The inhibitor concentration 
was kept constant while the substrate concentration was varied. 
The reaction was carried out in 0.033 m phosphate buffer pH 7.0 
at 25°, as described in the text. The substrate concentration, S, 
is expressed in moles per liter, and v is the rate of fumarate dis- 
appearance in wmoles per minute. 


TaBLeE II 


Values of Km, Ki, and Vmaz for the inhibition of fumarase by 
DL-8-fluoromalate B 


Substrate Bea Vmax | Km Ky 
moles/liter pmole/min moles/liter moles/ltter 
Malate*.... 0.0307 3.5 1073 
0.033 0.0307 2.8 X 10°? 
0.066 0.0280 2.7 X 10°? 
Fumaratet. . 0.164 | 1.4 X 
0.025 0.190 3.6 X 107° 
0.030 0.190 | 3.0 X 107? 


* With malate as substrate, 0.001 ml of the fumarase prepara- 


tion was used. 
+ With fumarate as substrate, 0.0033 ml of the fumarase prep- 


aration was used. 


Inhibition of Fumarase and Malic Dehydrogenase 
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Fic. 5. Inhibition of malic dehydrogenase-catalyzed malate 3 
oxaloacetate reaction by pL-8-fluoromalate B. The inhibitor con- 
centration was kept constant at two different concentrations while 
the substrate concentration was varied. The reaction was car- 
ried out at 25° in 0.1 m glycine buffer pH 8.8 in the presence of 
3.5 X 104m DPN. The substrate concentration, S, is expressed 
in moles per liter, and v is the optical density increase per min- 
ute at 340 mu. 


Inhibition of Malic Dehydrogenase by 8-Fluoromalate—When 
tested as a substrate for malic dehydrogenase under conditions 
in which L-malate reacted rapidly, pu-6-fluoromalate B did not 
react. Even in the presence of large amounts of enzyme and 
during extended periods of time, it failed to reduce DPN. As 
stated above, it is difficult to exclude it completely as a substrate, 
but even if it is, it reacts at one-hundredth or less the rate of 
malate. It has been shown by Kun et al. (1) that 8-fluoro-oxalo- 
acetate oxidizes DPNH in the presence of malic dehydrogenase 
at a rate 0.02% that of oxaloacetate. 

The inhibitory effect of pt-@-fluoromalate B on the malate > 
oxaloacetate reaction catalyzed by malic dehydrogenase is shown 
in Fig. 5. It can be seen from the figure that the inhibition is of 
the competitive type... The K,, for malate was calculated to be 
1.1 10-%. The apparent K; at 5 10-‘ inhibitor concentra- 
tion was 1.6 X 10-4, and at double the inhibitor concentration 
was 1.7 X 10-4. 

The inhibitory effect of pt-6-fluoromalate B on the reverse 
reaction, oxaloacetate — malate, was studied at pH 7.4 by vary- 
ing the inhibitor concentration at a fixed concentration of oxalo- 
acetate. When the data were plotted according to Dixon and 
Webb (14), the value of K; was estimated at 3.9 x 10-5 with 
the use of the K,, value determined (3.4 * 10-5). These values 
are quite similar to those reported by Gal (4). This K;, value 
cannot be compared to the K; value determined with i-malate 
as substrate, since the pH was different in both reactions. 


SUMMARY 


The erythro and threo isomers of pDL-@-fluoromalic acid have 
been synthesized, and the effect of one of these isomers on fu- 


1 Under the conditions of Fig. 5 in the presence of 0.02 m t-mal- 
ate, pL-B6-fluoromalate B at concentration of 1.7 10-3 M inhibited 
the reaction 78%. pvt-8-fluoromalate A at this concentration 
inhibited the reaction 50%. 
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marase and malic dehydrogenase has been studied. It is not a 
substrate for either enzyme but acts as a competitive inhibitor. 
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Glucose 6-phosphate dehydrogenase has been purified exten- 
sively from yeast by Glaser and Brown (1). Instability and a 
low yield of the enzyme prevented them from carrying out ho- 
mogeneity tests by physical methods. Kirkman (2) has re- 
cently reported a method for obtaining an 80-fold purification of 
this enzyme from erythrocytes and observed that the enzyme 
activity could be maintained in the presence of triphosphopyri- 
dine nucleotide. Marks and Banks (3) have reported a 500-fold 
purification of the enzyme from erythrocytes and rather active 
preparations were obtained from Neurospora crassa by Radha- 
krishnan (4). The work presented here describes an attempt 
to procure homogeneous glucose 6-phosphate dehydrogenase 
from bovine mammary gland. Although the final product 
could not be shown to be homogeneous it was obtained in a 
crystalline form after extensive purification. 

Glock and McLean (5) had shown that lactating mammary 
gland contained the highest amount of glucose 6-phosphate de- 
hydrogenase activity relative to the other mammalian. tissues 
compared. Low hexokinase activity in mammary gland and 
the relative ease of obtaining considerable amounts of this tissue 
locally were seen as advantages in using cow udder as a source 
of the enzyme. Moreover the enzymes of mammary gland are 
of interest (6)! because of the extraordinary synthetic activities 
of the tissue. 

There are several features of mammary gland which make it 
an inconvenient tissue as a source of enzyme. It is both difficult 
to rend and to rid the aqueous extracts of the lipid material 
released. In addition, those products of lactation which tend 
to obscure the cellular contents further complicate any purifica- 
tion. 

In the following is described a procedure whereby enzyme 
having an activity 10‘ times that of the original material was 
prepared. Rather complete details are given in the hope that 
the purification procedures may be applicable to the isolation of 
other enzymes from glandular material. Table I illustrates the 
effectiveness of the various purification steps for one of the many 
preparations made. 


EXPERIMENTAL PROCEDURE 


Materials 


Disodium glucose-6-P, the sodium salt of TPN, and analytical 
grade Tris were obtained from the Sigma Chemical Company, 


* Submitted as part of the requirement for the Ph.D. degree by 
G. R. J., June, 1960. This work was supported in part by the 
United States Public Health Service. 

1 The first paper of this series. 


Saint Louis, Missouri. Cross-linked dextran, Sephadex (G-25), 
was obtained from Pharmacia Laboratories, Inc., Rochester, 
Minnesota. 

Deionized water was prepared by passing distilled water 


through separate but coupled columns of Dowex 1 (OH-) and © 


Dowex 50 (H+). With the exception of the hypotonic extrac. 
tion medium and “saturated ammonium sulfate-I’’ (see below) 
all of the solutions used were made with deionized water. 

Thioglycolic acid (mercaptoacetic acid), analytical grade, was 
obtained from Eastman Kodak Company as an 80% solution 
in water. Before preparing buffers with it, the required volume 
of the concentrated reagent was passed through a column (1.8 x 
24 em) of Dowex 50 (H*). 
ml of distilled water (or until the eluate no longer gave a test 
for reducing agent with 0.01 m I, and starch indicator). The 
wash was included in the buffer solution. A recent article by 
F. H. White (7) suggests that attention be given to the purifica- 
tion of this reagent. 

DEAE-cellulose, type 40, was purchased from the Brown 
Company, Berlin, New Hampshire. Only those particles which 
settled in 20 minutes from a suspension in distilled water were 
used. 

Saturated ammonium sulfate-I solution was prepared by dis- 
solving U.S.P. (NH4)2SO, in 0.01 M thioglycolic acid, 0.002 
in EDTA, to achieve saturation at room temperature. 


was filtered by suction through a coarse fritted glass filter. It 
was freed of O2 by bubbling purified N» through it and then was 
stored under N, at 4°. 

Saturated ammonium sulfate-II solution was made from the 
large crystals which had formed on the bottom of the stor- 
age container for ammonium sulfate-I. It was assumed that 


these crystals were relatively free from metal impurities since © 


they had been crystallized in the presence of EDTA and thio- 
glycolate. This solution was used at the later stages of the 
purification. 

Hydroxylapatite was prepared by the method of Tiselius (8), 
except that KOH and the potassium forms of the phosphate 
buffers were substituted for the sodium forms of these com- 
pounds used in the preparation. The phosphate buffers used 
for elution were also of the potassium form. This substitution 
was made to prevent the displacement of calcium ion from the 
crystal lattice of hydroxylapatite by sodium ion. This appar 
ently does not occur with potassium ion (9). 

Celite (Johns Manville No. 535) was washed by decantation 


2 The abbreviation used is: EDTA, ethylenediaminetetraacetit 
acid. 
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The column was washed with 200 © 


the pH was brought to 7.2 by the addition of Tris the solution | 
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TABLE 
Glucose 6-phosphate dehydrogenase purification 
(Preparations 48, 49) 
Protein Specific activity P | Yield 
g 
2. Extract from alcohol precipitate................. 92.7 34,200 0.37 9 9 83 
3. Activity recovered from (NHy,) 280, fractionation. 9.6 31,800 3.a2 8.7 81 77 
4. Activity before Zn precipitation................. 5.9 19,800 3.36 48 
5. Activity recovered from Zn precipitate.......... 3.0 16,000 5.3 1.5 129 39 
6. Activity after hydroxylapatite treatment........ 1.15 9,500 8.4 1.5 205 23 
7. Activity recovered from Sephadex............... 0.78 7,800 9.9 19 
s. Activity after chromatography on DEAE-cellu- 
9. Activity after chromatography on hydroxylapa- | 
10. Activity from Sephadex......................... 0.024 2,780 111 1.14 | 2,680 6.7 
11. Activity from dissolved ecrystals................. 0.0028 1,180 420 | 3.78 ' 10,500 2.9 
to free it from fine particles, allowing a settling time of 30 min- liters of tissue were soaking in 8 liters of buffer. Additional 


utes, added to a column (9 X 72 cm) to within 10 cm of the 
top, and washed with 9 liters of 10% saturated (NH,)2SO, con- 
taining 0.01 m Tris-thioglycolate buffer at pH 7.1 or higher. 
Since thioglycolate forms a purple complex with Fet+t+, the 


Celite was considered free of this ion when the eluate became 


colorless. The Celite was washed with 9 liters of distilled water, 
allowed to drain dry, removed from the column, and stored in 
the cold room. 


Analytical Methods 


The enzyme was assayed in the presence of glucose-6-P and 
TPN by measuring the increase in absorbancy at 340 my which 
corresponds to the rate of TPN reduction. The final concen- 
tration in the 1-ml quartz cell was 2.6 x 10-4 m for the glucose- 
6-P and 1.1 X 10-* m for the TPN. The buffer used as the 
diluent was a 0.1 m HCI solution, also 0.1 m in MgCl, adjusted 
to pH 7.2 with Tris. The resulting concentration of Tris was 
0.092 m. A Beckman model DU spectrophotometer having a 

cell compartment thermostatically controlled at 25° was used 

for measuring optical density. The unit of activity was defined 

as the amount of enzyme necessary to effect a change of 1.0 

optical density unit per minute under the specified conditions 

(10). 

Protein was estimated by measuring the optical density at 
280 and 260 my (11) but corrected for the presence of thiogly- 

colate by a method previously reported by our laboratory (12). 
| Specific activity was defined as the number of units of activity 
associated with 1 mg of protein estimated as above. 


Purification Procedure 


Extraction—Cow udders were obtained from the local abattoir 
soon after slaughter and stored at 4° for several hours. The 
chilled gland was trimmed of fat, drained of excess milk, wrapped 
in butcher paper, and then frozen at —10°. The frozen gland 
was then sliced with a mechanical slicer and added to sufficient 
0.01 m Tris-thioglycolate? buffer, pH 7.2, to cover the slices. 
Additional buffer was added during the slicing to keep the slices 
covered. At the end of the slicing, it was usually found that 12 


* Referred to hereafter as buffer T. 


XUM 


buffer was placed in a cold room at —10° to cool. The extract- 
ing gland was allowed to stand at room temperature for about 
2 hours with occasional stirring. The material was filtered 
through plastic screen and the residue re-extracted with 6, and 
then 4, liters of buffer. The combined extracts were centrifuged 
in an International centrifuge (model B.P.) to eliminate most of 
the fat and cell debris. 

Alcohol Fractionation—The deep-red extract, held in a large 
plastic container, was placed in a cold room at —10° and stirred 
gently with a mechanical stirrer until the temperature of the 
solution was 1-2°. Enough 95% ethanol (stored ut —20°) 
was added to a reservoir to make a final concentration of 24% 
alcohol (by volume) in the precipitation mixture. The alcohol 
was fed at the approximate rate of 50 drops per minute through 
a capillary-tipped manifold into the stirred extract. 

At the completion of the precipitation, the suspension was 
centrifuged (at 4°) with a Sharples supercentrifuge (model 1A) 
at a rate not greater than 4 liters per hour. The centrifuge 
barrel was usually emptied after every 7 liters had been centri- 
fuged. The supernatant liquid contained essentially all of the 
6-phosphogluconic dehydrogenase and was discarded. The pre- 
cipitate was placed immediately into a Waring Blendor jar con- 
taining approximately 100 ml of 15% ethanol in buffer T. A 
variable transformer was used to control the speed of the Waring 
Blendor and the precipitate was homogenized, adding 15% 
ethanol solution slowly until a free-flowing suspension was 
formed. For 300 g of protein, 800 ml of 15% ethanol were 
usually sufficient. 

For some preparations, it seemed impossible to eliminate 
many small lumps with the Blendor; consequently the suspension 
was passed through a continuous homogenizer. This was a 
modified Potter-Elvehjem homogenizer with a reservoir joined 
to the top and an outlet of glass tubing at the bottom. The 
solution was added to the reservoir and the pestle was turned 
slowly by a stirring motor. 

The main purposes of this step were: (a) to free the precipi- 
tate from the remaining alcohol, (6) to allow the removal of 
additional fat (during subsequent centrifugation) and, (c) to 
disperse the rather firm alcohol precipitate for the subsequent 
extraction. After obtaining an even suspension of the material, 
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an additional amount of reagent was sometimes added to de- 
crease the viscosity. The volume of 15% ethanol used was 
dictated by the ease of sedimenting the precipitate. The varia- 
tion in fat and lipoprotein in individual preparations required 
some differences in the volume but usually no more than 1.5 to 2 
liters were necessary. 

The suspension was centrifuged in the Lourdes (model AB) 
centrifuge at 12.8 « 10° RCF xX g for 30 minutes. A firmly 
packed sediment was necessary. The supernatant contained a 
considerable amount of turbid material owing to the presence 
of various fatty substances and was discarded. When the 
viscosity was too high and the precipitate was loosely packed 
the contents of the tubes were returned to the rest of the sus- 
pension, then redistributed in a larger volume of 15% ethanol 
and centrifuged again. 

Extraction with 40% Saturated Ammonium Sulfate Solution 
—After centrifuging, the washed alcohol precipitate was trans- 
ferred to a Waring Blendor and homogenized at low speed with 
40% saturated ammonium sulfate-I. As before, small por- 
tions of reagent were added until a homogeneous slurry was 
achieved. This material was found to disperse more readily 
than in the previous homogenization. 

Enough 40%-saturated (NH4)2S5O, solution was added to 
make a total volume of 500 to 800 ml and the suspended mate- 
rial was sedimented at 12.8 « 10° RCF x g for 30 minutes. 
Again it was desirable to use the smallest volume which would 
allow a firmly packed precipitate. The supernatant was col- 
lected after lifting off a thin layer of fat. It was not impor- 
tant to remove every trace of fat or suspended material since 
the next step effectively removed them by filtration. 

The precipitate was extracted twice more, in the same fashion, 
using 400 ml of 40° % (NH4)2SO, solution each time. After the 
first extraction there was little difficulty in achieving a well 
packed precipitate. 

Use of a Celite Column for Fractionation with Ammonium Sul- 
fate—The enzyme solution was added to 3 liters of the moist 
Celite described in the ‘Materials’ section. Sufficient 40%- 
saturated (NH4).SO, solution was also added to form a slurry 
fluid enough for adequate stirring. The same stirring device 
and manifold used for the ethanol precipitation were used for 
precipitation of the enzyme. The reservoir was filled with 
sufficient saturated (NH4).SO, solution (usually 4 to 6 liters) 
to achieve a final concentration of 65° saturation. The total 
time for precipitation was not as critical as in the case of the 
ethanol precipitation, but at least 2 or 3 hours elapsed during 
the addition of the reagent. Samples were assayed to be certain 
of the complete precipitation of the activity. 

The supernatant liquid was decanted and the protein, dis- 
persed on Celite, was transferred to a large lucite column (9.0 x 
75 cm) having a coarse filter disk at the bottom to retain the 
material. The column was washed initially with 1 liter of 65%- 
saturated (NH4)2SO, solution. Following this, a gradient elu- 
tion was initiated. A 500-ml filter flask mixing chamber con- 
taining 65%-saturated (NH4).SO, solution was attached to the 
top of the column and 40%-saturated (NH4).SO, solution was 
introduced into this flask near the bottom by means of a small 
bore glass tube. The vessel containing the 40% (NH,4).SO, 
solution was supported at a height sufficient to provide a hydro- 
static pressure. Magnetic stirrers were used for mixing. Frac- 
tions of 250 ml were collected in an appropriate apparatus (13). 
The enzyme activity generally made its appearance after 3.5 
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liters of eluate had been collected. The flasks containing the 
highest specific activity, and accounting for the bulk of the 
activity, were pooled. An equal volume of saturated (NHs4).S0, 


solution was added slowly, and with stirring, to precipitate the 


enzyme at 70% saturation with (NH,4).SQOx. 

Protein Precipitation Using Zinc Ion—The precipitate from 
the previous step was collected by centrifugation and dissolved 
in 1900 ml of buffer T. This solution was added to a 3000-m! 
Erlenmeyer flask containing a magnetic stirring bar. Eight 
milliliters of 0.5 mM zine acetate buffered at pH 7.2 in buffer T 
were added very slowly through a fine capillary while the solu. 
tion was efficiently, although not vigorously, stirred. At least 
6 to 8 hours were normally required for the complete addition 
and a final concentration of 0.02 m Zn++. It was necessary 
that the precipitate be collected by centrifugation (12.8 x 19 
RCF xX g for 20 minutes) within 3 to 4 hours after the addition 
of the zine acetate. Some additional precipitate continued to 
form after the enzyme activity had been precipitated. 

The glucose-6-P dehydrogenase activity was extracted from 
the precipitate with 0.025 mu EDTA in buffer T at pH 7.2. 4 
small amount of this reagent was added to each centrifuge tube 
and the precipitate dispersed with a large diameter rod to form 
a smooth paste. After successive additions of the EDTA solv. 
tion had distributed the contents of each tube in approximately 
30 ml, the tubes were centrifuged briefly to sediment the con- 
siderable amount of insoluble material. The supernatant fluid 
was collected and the precipitate was washed by centrifugation 
with more 0.025 m EDTA. The combined extracts were pre- 
cipitated by the addition of saturated ammonium sulfate-I to 
produce a final saturation of 70%. 

First Hydroxylapatite Chromatography—The ammonium sul- 
fate precipitate from the zinc fractionation was dissolved in 250 
ml of buffer T. This solution was added to the top of a “pad” 
of hydroxylapatite (9.5-cem diameter X 9.0-cm height). As soon 
as the liquid level had descended to the surface, the hydroxyl. 
apatite was treated with 200 ml of buffer T. This freed the 
hydroxylapatite of (NH4)2SO,; as well as nonadsorbing protein. 
Following this, 200 ml of 0.05 m phosphate (KH.PO,-K,HPO,) 
pH 7.2 in buffer T were applied to the column. After the com- 
pletion of this elution, the column was discharged into a fraction 
collector and 200 ml of 0.10 mM phosphate buffer, pH 7.2, were 
applied. 

Before the next concentration of buffer (0.15 mM phosphate, 
pH 7.2) was added, it was determined by assay that a protein 
peak eluted by 0.1 mM phosphate had made its appearance. The 
volume collected before this peak was the hold-up volume which 
corresponded to the minimal quantity of buffer used per elution. 

After a protein peak eluted by 0.10 m phosphate had made its 
appearance, a 0.15 M phosphate elution was begun. The elution 
with 0.15 m phosphate buffer could be followed visually since 4 
brown-colored band descended with the front. 

The 0.15 m phosphate fractions were assayed and all tubes 
containing more than 50 units of activity were pooled. No 
attempt was made to cull the fractions rigorously. Although 
the elution pattern tended to be erratic, owing to the large cross- 
sectional area of the adsorbent, the specific activity was fairly 
consistent throughout. 

Desalting Using Sephadex—The activity which had survived 
the hydroxylapatite treatment was precipitated at 70%-saturated 
(NH,)2SO, solution using saturated ammonium sulfate-II. The 
precipitate was collected by centrifugation at 12.8 x 108 RCF x 
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Fic. 1. Crystalline precipitate possessing glucose 6-phosphate dehydrogenase activity (800). 
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q for 20 minutes and then carefully dissolved in the minimal vol- 
ume of buffer T (less than SO ml). 

This solution was added to the top of a column of Sephadex 
(14) (3.2 x 54.5 em) previously equilibrated with buffer T. 
The same 0.01 m buffer was then used to elute the activity from 
the column using an automatie fraction collector. The tubes 
containing the activity were pooled and immediately added to 
the top of a DEAE-cellulose column (2.2 19 em) which had 
been equilibrated with buffer T. 

DEAE-cellulose Treatment—Once the enzyme solution had 
been adsorbed on the DEAE-cellulose, the surface of the column 
above the adsorbent was washed and 10 ml of buffer T added 
to the top. The column flow was stopped and a 250-m]l mixing 
chamber was attached to the column. The chamber was filled 
with buffer T, a 500-ml separatory funnel with an extending tip 
was fitted to the top, and a gradient elution carried out with a 
0.2 m NaCl solution in buffer T. Fractions of 5 ml were col- 
lected. A flow rate of 15 to 20 ml per hour was used. Under 
proper conditions the activity appeared after 250 ml of eluate 
had been collected. The fractions of highest specific activity 
were pooled and added directly to a column of hydroxylapatite. 

Second Hydroxylapatite Chromatography— The glucose-6-P de- 
hydrogenase activity was adsorbed quantitatively on hydroxy]- 
apatite in the presence of NaCl. To remove residual NaCl, the 
column was treated with one column volume of buffer T before 
elution was begun. 

The first hydroxylapatite treatment was intended primarily 
to reduce the amount of protein sufficiently to permit effective 
separation on DEAE-cellulose using a small column. The first 
treatment also enabled chromatography on the final hydroxyl- 
apatite to be initiated at a higher concentration of phosphate 
buffer, since the protein elutable at the lower concentrations had 
been eliminated. Since the amount of protein was usually less 
than 100 mg at this stage, a small column was employed. This 
allowed the enzyme to be eluted in a more concentrated state, 
the total time on the column was decreased, the number of 
assays necessary to locate the activity was reduced, and the 
enzyme was collected in the shortest possible time. Both step- 
wise and gradient (0.10 to 0.15 M) elution have been used at this 
step with a column 1.8 X 10cm. The expected specific activity 
of the recovered enzyme after this treatment was 100 to 115. 

Crystallization—The enzyme activity recovered from the hy- 
droxylapatite treatment was concentrated by ammonium sulfate 
precipitation, collected by centrifugation, and dissolved in a 
minimal volume (approximately 0.5 ml) with 0.05 m buffer T, 
pH 6.95. This concentrated protein solution was desalted by 
passing it through a small Sephadex column (1.0 * 11.0 em) 
equilibrated with 0.05 m buffer T, pH 6.95. The activity accom- 
panied a crystalline precipitate after the eluate containing the 
desalted protein (10.5 mg per ml) had been allowed to stand 
for several hours. The activity was redissolved, with difficulty, 
after the addition of a small amount of (NH4).SO, solution to a 
slurry of the crystals. On examination at 59,780 r.p.m. in a 
Spinco model E ultracentrifuge two peaks were observed. 

A second crop of crystals was obtained from the mother liquor 
by concentrating with (NH,).SO, and desalting with Sephadex 
as before. The protein elution was more dilute (4.6 mg per ml) 


and the crystals did not come out of solution until 2 days after 
the desalting. 
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The crystals (Fig. 1) were more elongated than those first 
observed and it is assumed that slow crystal formation is de- 
sired. It was much more difficult to dissolve these “second 
crop” crystals and only after 24 hours of occasional stirring with 
(NH,4).SO,4 at 40% saturation were the crystals largely dissolved, 
There was insufficient material for examination in the ultracep. 
trifuge. 


DISCUSSION 


The primary aim of this research was to obtain a preparation 
of glucose-6-P dehydrogenase which contained minimal amounts 
of other enzymes. Four serious problems were encountered: 
(a) serious losses of activity characterized initial extraction; 
(6b) activity disappeared rapidly during DEAE-cellulose frag. 
tionation; (c) dialysis was accompanied by serious inactivation: 
(d) extraction procedures ordinarily used resulted in intractable 
pastes. In the course of 49 preparations, these and subsidiary 
problems were solved. The procedure as presented has been 
checked independently and resulted in a product of very high 
activity. More material must be accumulated before reliable 
data on physical properties can be obtained, and this work is in 
process. 


SUMMARY 


A procedure is described whereby an extract of bovine mam- 
mary gland was purified 10*-fold to yield a crystalline prepara- 
tion of glucose 6-phosphate dehydrogenase. Fractionations 
were effected using ethanol, (NH4)2SOx,, precipitation with Zn**, 
chromatography on diethylaminoethy! cellulose, chromatography 
on hydroxvlapatite, and treatment with a cross-linked dextran 


gel. 
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It has been known for some time that many active principles 
found in tissues are difficult to extract and purify, not only 
because of problems of stability, but also because they often 
appear to be bound, in some more or less specific way, with 
other tissue components. Strong dissociating solvents may be 
required to achieve disentanglement from other components, 
but such solvents must not cause rupture of labile covalent 
linkages possibly present in the active principle. 

It has become apparent during our work with parathyroid 
hormone that this protein offers a striking example of the diffi- 
culties involved in the selection of the proper extracting agents 
and systems for final purification of the substance. Hot dilute 
hydrochloric acid or hot concentrated acetic acid are capable 
of extracting most of the hormonal activity from minced tissue 
of the gland, but recent study has indicated that these agents 
undoubtedly cause partial degradation of the hormonal molecule 
as it exists in the tissue (1). The introduction by Aurbach (2) 
of concentrated aqueous phenol solution as an extracting solvent 
gave promise of a better compromise in the delicate balance 
between the necessary dissociating properties and those meeting 
the stability requirements. With this extracting agent, it has 
been possible to extract and purify further the apparently in- 
tact native hormone (3, 4). It is the purpose of this report to 
describe in detail the isolation and characterization of bovine 
parathyroid hormone obtained in this manner. The data to be 
presented indicate that it is a protein with a molecular weight 
of approximately 9500 which contains no cystine and possesses 
a single .V-terminal amino acid, alanine. 


EXPERIMENTAL PROCEDURE 


Fresh, frozen parathyroid glands were ground and defatted 
as previously described (5). The extraction of the defatted 
gland powder was carried out by a modification of the method 
of Aurbach (2).!. The powder (200 g) was added to 2 liters of 
70% aqueous phenol, allowed to stand for 1:5 hours at room 
temperature and 0.5 hour at 4° before being added to 10 liters 
of 20% acetic acid in acetone. To this mixture, 55 ml of 1 M 


* Supported by a grant (A1953) from the National Institute for 
Arthritis and Metabolic Diseases, United States Public Health 
Service. 

'The crude gland extracts used in this work were prepared for 
us by Merck and Company. In addition, in the later phase of 
this work, this company carried out large scale extraction and 
initial fractionation of the crude material according to the meth- 
ods outlined herein. 


NaCl were added; the mixture was allowed to stand for 0.5 
hours, and was then filtered. The residue was discarded, and 
an equal volume of anhydrous ethyl ether was added to the 
filtrate. The precipitate which formed was allowed to settle, 
the supernatant decanted, and the precipitate collected by cen- 
trifugation. It was washed two or three times with small por- 
tions of ethyl ether and then taken up in 1 to 1.2 liters of 30°% 
(volume for volume) acetic acid. Saturated NaCl was added to a 
final salt concentration of 5°. The precipitate which formed 
was allowed to settle and then removed by centrifugation. A 
30°, solution of trichloroacetic acid was added to a final con- 
centration of 7.5%. The precipitate was collected, washed 
twice with small volumes of 5° trichloroacetic acid, taken up 
in 1 M acetic acid, and passed through a column of Dowex 2-X8 
in the acetate form. The solution of the trichloroacetic acid 
precipitate in the 1 M acetic acid was turbid when applied to 
the column, but the column effluent was clear. The column 
effluent was lyophilized. The powder obtained was used for 
countercurrent and chromatographic studies. All the steps 
from the ether precipitation up to the lyophilization were done 
at 4°. 

Countercurrent distribution was carried out by methods 
previously described (6). Two solvent systems were employed. 
System | was composed of 6 parts of 6% acetic acid-1% NaCl 
versus 4 parts of 1:1 n-propanol-n-butanol. System 2 consisted 
of pyridine-butanol-0.1% acetic acid (3.5:5:12). When the 
first system was used, 2 or 10 ml of each phase were used, and 
when System 2 was utilized, 2 or 10 ml of the lower phase were 
used with 3.5 and 14 ml of the upper phase, respectively. In 
the experiments with System 1, the protein concentration was 
determined by measurement of ultraviolet absorption at 277 
my in a Beckman model DU spectrophotometer. When Sys- 
tem 2 was used, the weight of nonvolatile material was meas- 
ured (7). 

When the crude powder from the lyophilization above was 
fractionated by countercurrent distribution in System 2, it was 
placed in the system as follows. The sample (0.6 to 1.0 g) was 
taken up in 48 ml of 0.1% acetic acid at 25° in a 100-ml centri- 
fuge tube. At this point, the solution was not clear, but nearly 
all the solid was in solution. The required amount (20 ml) ot 
n-butanol was then added. After shaking, pyridine (14 ml) 
was added and the mixture shaken again. This gave an emul- 
sion which separated poorly. It was centrifuged at about 2000 
r.p.m. to give two layers with a solid suspension at the inter- 
face. The upper and lower layers were carefully removed with 


759 


first 

de- 
‘ond 

vith | 
ved, & 
cen. 

tion 
red: 

ion: 

10: 
able 

lary 

igh 
able 
is in 
am- 
ara- 
10ns 
+ 
phy 

ran 

Hu 

for 

and 
5d). 
ture 

S., 

46 

). 
tol. 

em. 

78, 
AND 

384 

10- 
59). 


0.300 

0,250+ 

0.200+ 
O.D. 
277 

0.150} 

0.100} 

K-0.88 
4 i i i = 
20 40 60 60 100 
Tube number 


Fic. 1. Countereurrent distribution of a crude phenol extract 
of bovine parathyroid glands for 90 transfers in solvent Svstem 1. 
@—-@., ultraviolet absorption at 277 mu; O- —- —-O, and theoreti- 
eal distribution curve. 
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Fic. 2. Countercurrent distribution of a crude phenol, para- 
thyroid extract for 200 transfers in Svstem 1. @——@, and 
O——O, ultraviolet absorption; xX, theoretical distribu- 
tion curve. 


a syringe fitted with a long plastic needle and scattered equally 
in the first 8 tubes of the train. 

The residue was then taken up in 48 ml of 0.1° % acetic acid 
and the procedure repeated. The solid, after the second treat- 
ment, was discarded. The volumes of the upper and lower 
phases of the first 8 tubes were adjusted to 13/10 ml with the 
required volumes of the appropriate phases of the system. 

In the earlier experiments with System 1, desalting of the 
protein solutions was performed by trichloroacetic acid precipi- 
tation, and resolution of the precipitate in 1.0 M acetic acid, 
followed by passage through a column of Dowex 2-X8 (200 
mesh) in the acetate form. In later experiments, desalting was 
carried out by passing the solutions through 40-cm columns of 
Sephadex G-25 (through 200 mesh) with 0.2 M acetic acid as the 
eluent. | 

Paper chromatography was performed by the ascending 
method with a system consisting of the upper phase of a buta- 
nol-acetic acid-water (70:60:20) system. The polypeptides 
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Fic. 3. Countercurrent distribution of a crude phenol, para- 
thyroid extract for 187 transfers in System 2. @——®@ and 
O——O, weight of material; and xX, theoretical distribu. 
tion curve. 


were detected by spraying the dried paper with 0.1¢ ninhydrin 
in ethanol. 

Partition chromatography was carried out at 4° on 60-cm 
columns of ethanolized cellulose,? with the upper phase of a 
butanol-water-acetic acid (90:60:10) system. Chromatography 
was also performed on 0.9 x 150-cm columns of Sephadex 
G-508 with 0.2 M acetic acid as the eluent. The Sephadex was 
screened dry through a 120 mesh screen. The fraction of the 
powder which passed through the 120 mesh screen was taken up 
in water and washed on a 200 mesh screen. The material re- 
maining on the 200 mesh screen was employed for pouring the 
columns. Chromatography on Sephadex was carried out at 

Representative samples were hydrolyzed with constant boil- 
ing HC! for 22 or 70 hours in sealed evacuated tubes at 110°. 
The amino acid content of the hydrolysates was determined by 
the method of Spackman, Stein, and Moore (8). Tryptophan 
was determined spectrophotometrically by the method of Good- 
win and Morton (9). Performic acid oxidation was performed 
by the method of Schram, Moore, and Bigwood (10). Short 
column equilibrium ultracentrifugation (11) was carried out by 
Dr. David Yphantis. The amino terminal amino acids were 
determined by the dinitrophenyl method (12). The methods 
of Munsen (13), and of Tepperman, L’Heureux, and Wilhelm 
(14) were used for biological assays. 

All solvents were redistilled, and the distilled water was passed 
through a mixed bed ion exchange resin before being used. 


RESULTS 


The crude trichloroacetic acid precipitate was distributed for 
90 transfers in the salt system (System 1). The pattern ob 
tained was that shown in Fig. 1. Only the material with a 
partition coefficient (A) of 0.88 had significant biological activ- 
itv. In repeated studies, the more typical results shown in Fig. 
2 were observed. In this second experiment, it is apparent 
that the peak did not follow closely the theoretical distribution. 

When the crude trichloroacetic acid precipitate was distrib 
uted for 187 transfers in System 2, the pattern shown in Fig.3 
was obtained. When distributed for 290 transfers on another 
run, the pattern shown in Fig. 4 was observed. In these initial 
distributions, the material with a AK of 0.22 (Fig. 3) or 0.2 
(Fig. 4) were the only fractions with significant biological activ 


2 J. H. Munktell’s cellulose powder. 
$ Manufactured by Pharmacia, Uppsala, Sweden. 
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Fic. 4. Countercurrent distribution of a crude phenol extract 
for 290 transfers in System 2. @——@, weight; and X--- x, 
theoretical distribution. 
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Fic. 5. Redistribution of material from tubes 40 to 70 (Fig. 4) 
for 2600 transfers in System 2. @——@, weight; and K---*xX, 
theoretical distribution. 


ity. Redistribution of the active fractions from the pyridine 
system (tubes 40 to 70, Fig. 4) was done for a total of 2600 
transfers with the results shown in Fig. 5. Material from the 
major peak (tubes 410 to 465) distributed as a single peak 
(K = 0.87) in the salt system. The total recovery of protein 
from tubes 410 to 465 (Fig. 5) was 81 mg. 

The major biological activity was associated with the major 
peak (tubes 410 to 465). This material had a biological po- 
tency of 2500 to 3200 units per mg of dry weight (uncorrected 
for moisture) when assayed for calctum-mobilizing activity. 
The protein in tubes 466 to 510 had an activity of 2000 to 2500 
units per mg of dry weight, and that appearing in tubes 600 to 
700 had an activity of 1500 to 2000 units per mg of dry weight. 
The biological activity and recovery data are recorded in Table I. 

The material from tubes 410 to 465 (Fig. 5) had a phospha- 
turic potency comparable to its calcium-mobilizing activity. 

Aliquots of the protein recovered from tubes 410 to 465 (Fig. 
5) were used for chromatographic, amino acid, and \-terminal 
end group analysis. This material chromatographed as a single 
peak on ethanolized cellulose (Fig. 6) and on a 150-cm column 
of Sephadex G-50. However, the resolving power of the Sepha- 
dex columns was limited, for when crude hormone extract, com- 
parable to that used in the original distributions (Fig. 1 or Fig. 
3), was chromatographed on a column of Sephadex G-50, 210 x 
2.0 cm, the pattern shown in Fig. 7 was obtained. The biologi- 
cal activity was associated with the major peak (tubes 125 to 
145). The material recovered from this peak had a biological 
potency of approximately 1000 units per mg and when rerun 
on the same column was not further resolved. 

Paper chromatographic analysis showed that the material 
from tubes 410 to 465 (Fig. 5) migrated as a single spot (Rr = 
0.40) as shown in Fig. 8. 

For N-terminal amino acid analysis, 9 mg of purified hormone 
was reacted with dinitrofluorobenzene (12). The DNP* protein 


* The abbreviation used is: DNP, dinitropheny]. 


H. Rasmussen and L. C. Craig 
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TABLE I 
Biological activity and recovery of parathyroid hormone at 
various stages of purification 


Stage of preparation Hormonal activity Recovery 


units/mg original 


Phenol extraction. . 


Ether precipitate..................... | 75-150 100 

Trichloroacetic acid precipitate... .... 200-250 75-90 
First Sephadex column. .............. 1000-1500 60-80 
First salt distribution. 2000-2500 65-75 
First pyridine distribution............ 2000-2500 60-70 
Second pyridine distribution........... 2500-3500 50-60 


Partition chromatography on ethanol- | 
Paper chromatography. .............. 2000-2400 


N inhydrin color 


S 


Fic. 6. Partition chromatography of purified parathyroid 
hormone on a 0.9 X 60-em column of ethanolized cellulose in the 
upper phase of a system of butanol-H.O-acetice acid (50:50:20). 
The flow rate was 3.5 ml per hour. 


O.D. 277 


20 40 60 80 100 120 140 160 
Tube number 


Fic. 7. Chromatography of a crude phenol, parathyroid extract 
on a 2.0 X 210-cm column of Sephadex G-50. 


derivative was divided into two aliquots for hydrolysis, one for 
4 and the other for 17 hours at 110° in sealed evacuated tubes. 
The DNP amino acids were extracted with ether and subjected 
to two-dimensional chromatography in the standard toluene 
and phosphate buffer systems (12). In addition to dinitro- 
phenol and dinitroaniline, there was a single spot appearing in 
the chromatographic position expected for DNP-alanine. This 
was checked by eluting the spot and determining the partition 
coefficient (A) of the unknown in two solvent systems and com- 
paring its A with the A of an authentic sample of DNP-alanine. 
The systems used were (I) chloroform-glacial acetic acid-0.1 N 
HCl (2:2:1) and (II) benzene-glacial acetic acid-0.1 n HCl 
(2:2:1). DNP-alanine had a K of 0.59 in System I, and the 


unknown K was 0.60; and in System II, DNP-alanine had a 
K of 0.60, and the unknown K was 0.62. Finally, the unknown 
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Fic. 8. Paper chromatography of purified parathyroid hormone 
in a butanol-water-acetic acid system. 


was rerun on paper in the phosphate system along with an au- 
thentic sample of DNP-alanine. It appeared at the same chro- 
matographic position as the DNP-alanine. The total recovery 
from the 4-hour hydrolysate was estimated to be 0.54 umole, 
whereas that from the 16-hour hydrolysate was 0.67 umole. 
After the DNP amino acids had been extracted from the 16-hour 
acid hydrolysate, the hydrolysate was analyzed for its content 
of neutral and acidic amino acids. It was found that the con- 
tent of each amino acid was the same as that from a sample 
not treated with dinitrofluorobenzene except for 0.75 less alanine 
residue and the absence of tyrosine. These observations con- 
firm the fact that the \V-terminal amino acid is alanine. 

The weight average molecular weight of the preparation 
(tubes 410 to 465, Fig. 5) was determined by equilibrium ultra- 
centrifugation of columns of solution 0.7 em deep with a Spinco 
model E ultracentrifuge equipped with interference optics. The 
solvent used was 30° volume per weight acetic acid containing 
0.15 m NaCl; a small percentage of the preparation was not 
soluble in this solvent and was discarded. The remainder was 
run at four concentrations from 0.06 to 0.5% in an 8-channel 
Kel-F equilibrium cell (11) at 31,410 r.p.m. and at 23° for 80 
A partial specific volume of 0.738 was calculated 
The apparent molecular 


minutes. 
from the amino acid composition (15). 


weights were concentration-dependent; therefore, they were 
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extrapolated to infinite dilution to minimize the expected charge 
effects (16). A value of 9450 + 400 was found for the infinite 
dilution weight average molecular weight; this value does not 
include the contribution of a trace of high molecular weight 
material that could be detected in the preparation. 

Samples of the purified hormone (tubes 410 to 465, Fig. 5) 
were hydrolyzed, and their content of amino acid determined, 
The results are shown in Fig. 9 and Table Il. In Fig. 9 js 
shown a typical chromatogram obtained from a 66-hour hy- 
drolysate of hormone. Noteworthy is the complete absence of 
cystine and the small threonine peak. In Table II are recorded 
the results of the analysis of three preparations hydrolyzed for 
22 hours, three for 70 hours, and one for 22 hours after performic 
acid oxidation. From these data, an accurate correction was 
made for the loss of serine and gain of ammonia during acid 
hydrolysis, and a minimal molecular weight of 9488 was esti- 
mated. 


DISCUSSION 


The present data indicate that by means of sequential solvent 
fractionation, salt fractionation, trichloroacetic acid precipita- 
tion and countercurrent distribution it was possible to obtain 
a single, homogeneous, biologically active parathyroid protein 
containing a single N-terminal amino acid. It was completely 
devoid of cystine. This preparation was shown to behave as 4 
single substance by paper and column partition chromatography, 
ultracentrifugation, and countercurrent distribution. Its mo- 
lecular weight estimated from ultracentrifugal analysis agreed 
well with that calculated from its amino weight; however, this 
could not be unequivocally established because of an uncer. 
tainty in the estimation of the content of certain of the amino 
acids, particularly threonine. Amino acid analysis of the purest 
preparations has usually given less than one residue of threonine 
(0.39 to 0.50). However, small parathyroid polypeptides (47 to 
62 amino acid residues) obtained apparently from partial degra- 
dation during the more drastic extraction procedures used earlier 
for isolation (1, 17), have contained 2 threonine residues but a 
lesser or equal number of residues of all the other amino acids. 
In the calculations presented in Table II, a single threonine 
residue has been considered, but it is apparent that the recovery 
was low so that destruction of the threonine must be occurring 
and from the other considerations just discussed, the possibility 
exists that the native hormone contains 2 threonine residues. 
This question may well be answered fairly easily once the deter- 
mination of amino acids sequences of this protein is undertaken. 

The number of amino acid residues per mole of protein caleu- 
lated from the data recorded in Table IT is slightly higher than 
our previous estimate (1), although in both cases we were work- 
ing with highly purified preparations of hormone. However, 
the present data are the more extensive and reliable since they 
were obtained from a protein subjected to more extensive coun- 
tercurrent purification and because a series of analyses was 
carried out on samples hydrolyzed for varying intervals of time. 
It should be noted that there are no gross discrepancies in the 
two sets of data. The only changes are an increase in the esti- 
mated number of residues of several of the amino acids (valine, 
lysine, histidine) appearing in highest vield, and a decrease in 
the estimated number of serine residues due to the fact. that 
less serine is destroyed during acid hydrolysis than had been 
earlier assumed (1). 

The data from the amino acid analysis indicate that there is 
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Effluent mi. 40 60 80 100 120 140 160 180 200 220 240 260 
bn. 50° pH 3.25,0.2N Na citrate buff 
a) ,0.2N Na citrate buffer 


50% pH 4.25, 0.2N Na citrate buffer ——>| 50° pH 5.26, 


0.4Nn Na citrate buffer 


Fic. 9. The amino acid chromatogram obtained from a 2.97 mg sample of purified parathyroid hormone after 66 hours of acid 


hydrolysis. 
recovered ammonia and amino acids. 


no cystine in the molecule, a finding consistent with the theory 
that the hormone contains a single peptide chain. This suppo- 
sition is supported by the finding of a single N-terminal alanine. 
The only possible result which might indicate that cystine or 
cysteine is present in the parathyroid protein is the appearance 
of a small chromatographic peak in the position of cysteie acid 
when a hydrolysate of a performic acid-oxidized sample of the 
protein was analyzed (Table II). This finding can be inter- 
preted to indicate one of at least three possibilities: either the 
peak arises from cysteine in the parathyroid protein, it arises 
from the oxidation of cystine from a small amount of a con- 
taminant, or the band is not from cysteic acid. The most likely 
possibility is that the peak arises from homocysteic acid de- 
rived from the oxidation of methionine sulfoxide which, because 
of its acidic nature, appears at the chromatographic position of 
cysteic acid. This possibility is in line with the fact that the 
sum of the unknown peak plus the methionine sulfone peak 
(obtained from the analysis of the hydrolysate of the performic 
acid-oxidized protein) was 2.01 amino acid residues. Final 
resolution of this minor problem awaits further work. 

As noted in previous reports, purified parathyroid hormone, 
and the smaller biologically active polypeptides derived there- 
from, all possess both calcium-mobilizing and phosphaturic 
activity (1, 3, 4,17). This finding has been confirmed with the 


present preparations and indicates that a single substance is in 
reality responsible for the diverse physiological effects of the 
hormone. 

Continuing attempts are being made to improve and further 
simplify the isolation procedure; however, up to date, the pro- 
cedure of highest resolving pewer and specificity has been coun- 
This has been true in the present study 


tercurrent distribution. 


From this sample, containing 17.70% nitrogen, 98% of the nitrogen and 95°¢ of the weight were accounted for by the 


as well as our previously reported work with smaller parathyroid 
polypeptides (1, 17). Chromatography on columns of Sephadex 
have yielded results which indicate that some purification of 
crude extracts can be achieved by this means; nevertheless, 
resolution of crude parathyroid extracts on these columns has 
not approached that obtained with countercurrent distribution. 
Further improvement of the chromatographic procedure may 
be made by use of different eluents. In any case, the parathy- — 
roid extract prepared by chromatography upon Sephadex col- 
umns may be sufficiently pure for most biological studies. This 
method also may be a useful preliminary purification step before 
a final countercurrent distribution, thereby making it possible 
to achieve sufficient purity by a single distribution rather than 
two. 

It would appear that the parathyroid protein is not completely 
stable in either of the two solvent systems employed for counter- 
current distribution. Prolonged distribution in the salt system 
(System I) has not been highly successful. More successful 
results have been obtained with the pyridine system as illus- 
trated in Fig. 5; however, even in this experiment there were 
indications that some of the hormone was being transformed. 
In Fig. 5, material with a A significantly higher than the main 
peak (K = 0.17) appears even though the starting material for 
this experiment was obtained from a previous countercurrent 
distribution peak (Fig. 4). This material (Fig. 5) with a K of 
0.3 or greater had significant but less than optimal (1500 to 
2000 units per mg) biological activity, indicating that trans- 
formation of some of the hormone occurs during a prolonged 
distribution. In spite of this difficulty, it is apparent that this 
system has a higher resolving power than the salt system as 
well as two other important advantages. Firstly, the actual 
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TABLE II 
The amino acid composition of bovine parathyroid hormone 


The times indicated in the column headings are the intervals of 
acid hydrolysis. The column headed 22 hours (ox) is the analysis 
of performic acid-oxidized sample. The values recorded in both 
the 22- and 70-hour columns represent the mean of three separate 
experiments and were calculated on the basis of a single tyrosine 
residue per mole. In every experiment, the amino acids and 
ammonia recovered accounted for 94 to 97% of the weight and 
97 to 99% of the nitrogen of the samples. The nitrogen content of 
all samples was 17.70%, corrected for moisture and ash. The 
ealeulated values in the last column are based on a minimal 
molecular weight of 9438. Tryptophan was determined spectro- 
photometrically (9). 


Residues per molecule 


Amino acid 


22 hours 70 hours Calculated 

Histidine... . 3.76 3.65 3.74 4 
&.70 8.81 8.68 9 
Methionine sulfone.......... 0.00 1.85 | 
4.90 | 5.84 | 6 
4.08 4.09 4.02 4 
7.49 | 7.62] 7.42/| 8 
1.89 1.84 0.00 | 
=2.00 2.01 1.99 2 


weight of material in each tube is obtained rather than ultra- 
violet absorption, and secondly, all the solvents employed are 
volatile. This latter advantage simplifies the problem of re- 
covery of the protein. 

There were some indications that a trace of salt in the pyri- 
dine system could lead to less protein transformation.® This is 
being further investigated with the thought that a more ideal 
system may be obtained by adding a small amount of ammo- 
nium acetate to the present system. 


SUMMARY 


The isolation of bovine parathyroid hormone has been 
achieved by means of sequential phenol extraction, solvent and 


Unpublished observations. 
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salt fractionation, trichloroacetic acid precipitation, and_ pro- 
longed countercurrent distribution. The isolated protein meets 
a number of criteria for homogeneity. It has a molecular weight 
of approximately 9500 as estimated from amino acid composi. 
tion and ultracentrifugal analysis. It consists of a single poly- 
peptide chain since it contains no cystine and has a single 
N-terminal amino acid, alanine. The pure protein has both 
calcium-mobilizing and phosphaturic biological activities. — Its 
tentative empirical formula is: Lys, Hisy, Args, Asps, Thr, Ser, 
Glujy;, Pros, Glyy, Ala;, Vals, Meths, Heus, Leus, Tyr, Phe», Try, 
and (-CON Ho)». 
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The relationship of structure and function of the protein hor- 
mones through use of chemical modification and enzymatic 
treatment has been reviewed recently by Behrens and Bromer 
(1). From these studies a number of critical as well as dispensa- 
ble specific structural elements of these hormones have been 
established. 

The determination of the extent to which a particular hormone 
retains biological activity after chemical modification does not 
exhaust the usefulness of such studies for information concerning 
the nature of hormone action. It was pointed out some time 
ago that a suitably modified derivative might, under appropriate 
circumstances, inhibit the action of the native hormone (2-4). 
Alternatively, competition may also occur in the reactions re- 
sponsible for inactivation of the hormone, resulting in apparent 
increase of activity as a result of ‘‘protective” action (5). It has 
been found that the addition of corticotropin, made inactive by 
oxidation with potassium persulfate, potentiates the activity of 
native adrenocorticotrophic hormone, apparently via the latter 
mechanism. 

EXPERIMENTAL PROCEDURE 


The determination of ACTH! activity in this study was made 
according to the method of Cohen and Furth (6) in which the 
total A‘t-3-ketosteroid secretory response of mouse adrenocortical 
tumor slices is proportional to the amount of hormone added in 
nitro. 

Oxycellulose-purified ACTH was prepared in this laboratory 
from acetone-dried porcine pituitary powder. With the use of 
the glacial acetic acid extraction method of Payne et al. (7), 
hormone products with potencies of 1 to 1.5 i.u. per mg were 
obtained. Further purification was performed with oxycellulose 
(Tennessee Eastman Corporation) according to the procedure of 
Astwood et al. (8). The biological activities of these preparations 
ranged from 35 i.u. per mg to more than 80 i.u. per mg. 

Recrystallized insulin and pure glucagon were gifts from Dr. 
QO. Behrens of Eli Lilly and Company, Inc., Indianapolis, Illinois. 

The potassium persulfate oxidation of the hormone prepara- 
tions was performed according to the method of Dedman et al. 
(9). Less than 0.1°% of original ACTH activity was retained. 

To determine tissue inactivation of ACTH and the effect of 
oxidized ACTH on this process, homogenates were prepared 


* Supported by a research grant (C-3974) from the National 
Institutes of Health, United States Public Health Service, Be- 
thesda, Maryland. A preliminary report covering the major 
part of this paper was presented at the 138th meeting of the Amer- 
ican Chemical Society in New York City, September 1960. 

‘The following abbreviation is used: ACTH, adrenocorti- 
cotrophic hormone. 


from mouse adrenal tumor and rat adrenal, liver, and kidney 
tissues in 10 volumes of 0.05 M Tris-HCI buffer pH 7.5. Aliquots 
of the homogenates representing 10 or 20 mg of tissue were ineu- 
bated at 38° for 1 hour in the presence of 1000 milliunits of 
Upjohn ACTH (25 U.S.P. units per vial) with and without 100 
ug of oxidized hormone. Final volume was made up to 1 ml 
with the above buffer. At the end of the incubation period, the 
mixtures were heated for 5 minutes at 85-90° in a water bath 
and then kept on ice. The precipitated proteins in the tubes 
were homogenized to a uniform suspension, and 0.1-m] and 0.2-m] 
aliquots representing 100 and 200 milliunits, respectively, of 
original ACTH activity were assayed for residual hormonal 
activity with the mouse adrenal tumor slice method. In con- 
trol experiments, the amount of ultraviolet light-absorbing mate- 
rial contributed by the tissue was negligible. 


RESULTS 


The response of the adrenal tumor slices to graded doses of 
ACTH is shown in Fig. 1. A straight line relationship exists 
between the total A*t-3-ketosteroids produced and the logarithm 
of the amount of ACTH added over the range of approximately 
5 to 250 milliunits of the hormone.? 

When ACTH was incubated with 100 mg of adrenal tumor 
slices in the presence of oxidized ACTH, the amount of steroid 
secreted during the 2-hour period was considerably greater than 
occurred with the same amount of untreated hormone alone 
(Fig. 2). The activity of the untreated hormone was potentiated 
about fourfold in Experiment 1 of Fig. 2; in another experiment, 
with oxycellulose-purified ACTH, the enhancement of activity 
by its persulfate-treated derivative was as much as 10-fold. 
Assays were run to determine whether subminimal amounts of 
untreated ACTH (below the 5 milliunit level) would give any 
significant increase in steroid secretion above the control level 
in the presence of the oxidized hormone, but the results of these 
experiments were equivocal. 

The possibility that some impurity in the oxidized oxycellulose- 
ACTH preparation was responsible for the potentiation effect 
seems unlikely, since similar results were obtained with an oxi- 
dized sample of chromatographically pure ACTH, corticotropin 
(A,) (Experiment 2 of Fig. 2 and Table I). 

A potent oxycellulose-ACTH preparation (>80 i.u. per mg) 


2 In an earlier paper (6) the range reported was 0.25 to 5.0 milli- 
units of ACTH. Because of successive tumor transplantations 
since earlier ACTH assay studies with these tumor slices, there 
has occurred some loss in sensitivity of the tissue to ACTH. How- 
ever, there was no change in the amount of the total A‘-3-ketos- 
teroid secretion in the presence of maximal amounts of ACTH 


(10). 
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hormones and lyophilized plasma. Neither the native nor 
2 ial oxidized forms of these substances had any significant effect by 
° 
x upon the response to 20 milliunits of ACTH (Table I). 
The chemical changes which occur during the persulfate oyj- en 
5 dation process have not been well clarified. Comparison of the ox 
Se 5 ultraviolet absorption spectra of oxidized ACTH and the un- sv 
g a. treated hormone showed that the absorption at 275 muy was th 
S diminished with nearly complete disappearance of the peak at by 
8 6+ this wave length. A similar observation has been made by a 
> Dedman et al. (9). In model experiments, exposure of L-tyrosine ins 
S 7 to persulfate had little effect upon the absorption spectrum, wn 
uJ 
D 2b the 
mu STEROID OUTPUT— 4G/100 MG./2HRS. is | 
mU ACTH/IOO MG ADRENAL TUMOR SLICES LOG SCALE adi 
Fic. 1. Increase of total A*3-ketosteroid secretion by mouse ini tio’ 
adrenal tumor slices in response to graded doses of U.S.P. refer- 100 deg 
ence standard ACTH. Slices from the adrenal tumor were pre- sle 
incubated for 1 hour in 100 ml of Krebs-Ringer-bicarbonate buffer wade Gary z I 
pH 7.4, containing 200 mg of glucose. Preincubated tissue (100 20 5 mo 
mg.) was then incubated for 2 hours in a flask containing 2.7 ml of me — I 
buffer, the solutions being tested, and sodium chloride solution seiedicaiieiii: twe 
to a final volume of 3.0 ml. Incubations were performed in dupli- 2 | 100 100 
cate at 38° in 95¢¢ Oe-55o COs gas mixture in a Dubnoff metabolic 
shaker. 500 | 50 
—= the 
G STEROID OUTPUT—4G/00 MG/2 HRS Onl 
malo Fig. 3. Potentiation of steroid response to U/’S.P. reference hon 
8 ig standard ACTH by addition of various concentrations of oxidized T 
ACTH to adrenal tumor slices. The oxidized derivative was witl 
SO prepared from an oxycellulose ACTH preparation originally 
20  — assaying >S80 i.u. per mg. Preincubation and final incubation 
20 |!76) SO conditions were the same as in Fig. 1. 
80 — 
80/704 50 
| TABLE I 
EXP 2 Lack of potentiation effect of insulin, glucagon, and plasma 
oa SJ preparations when combined with ACTH 
reincubation and final incubation conditions were the same 
pa ; =< asin Fig. 1. Results are expressed as the mean + the variation 
40 342 from the mean. 
2501220 
Steroid output 
Fig. 2. Potentiation of steroid response to ACTH by addition Additions : 
of inactive oxidized ACTH to adrenal tumor slices. In both No ACTH | 20 milliunits of | 250 milliunits of 
experiments U.S.P. reference standard ACTH (1.14 i.u. per mg) | | ACES ACIS 
was used. In Experiment 1, the persulfate-oxidized ACTH was 


prepared from an oxycellulose-purified hormone assaying approxi- 
mately 40 i.u. per mg. In Experiment 2, the oxidized derivative 


Experiment 1 | 


was prepared from pure corticotropin (A,;) (Organon, Ine.) which None.............../2.60 + 0.10; 8.28 + 0.23/17.22 + 2.% 
originally assayed 135 i.u. per mg. Details of the incubations 25 wg of oxidized in- | Fie 
were the same as in Fig. 1. DEN ce aa eS 2.60 + 0.30 8.64 + 0.16 home 
25 wg of oxidized glu- | | | ey 
| 
was oxidized and incubated with 20 milliunits of untreated hor- of di a and a 
mone in the range of 5 to 100 we (Fig. 3). Potentiation of hor- eevee 3.70 13.62 ee 
monal response was Initiated at about the 10- to 20-ug level of the 50 ug of oxidized | aie 
oxidized derivative. When 100 ug of the derivative were used, 3.75 + (0.15 15.30 + 1.20 on ice 
the steroid secretion reached a maximum, corresponding to at Experiment 2 | suspe 
least the amount produced in the presence of 200 milliunits of None -...... 2.385 + 0.03 8.75 + 1.01 respec 
the native corticotropin. However, the amount of steroid 100 wg of lyophilized | | | —_ 
secreted in the presence of a large excess of native hormone (500 plasma............ 2.40 + 0.24 6.64 + 0.04 an : 
milliunits) was not further increased by the addition of 50 yg of 100 ng of insulin. ..... wy - + 0.08 10.0 + 0.54) alone 

a 100 wg of glueagon.... 2.65 + 0.48 7.95 + 0.10 

the derivative. | | time ( 
The specificity of the potentiating effect of oxidized ACTH was ACTH* Mee 2 14 14.30 | rice 
tested with oxidized derivatives of crystalline preparations of , | en Gee 


glucagon and insulin, as well as with the corresponding untreated * Organon ACTH, originally assaying at 135 i.u. per mg. detern 
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whereas L-tryptophan underwent changes similar to those shown 
by ACTH. 

One of the possible mechanisms which might account for the 
enhancement of the activity of small amounts of ACTH by its 
oxidation product is the inhibition of an ACTH-inactivating 
system. Experiments were therefore performed to see whether 
the oxidized derivative would prevent the inactivation of ACTH 
by mouse adrenal tumor homogenate as well as by homogenates 
al several rat tissues (Fig. 4). All these preparations rapidly 
inactivated ACTH; only a very minor steroidogenic response 
was observed because of the small amount of residual ACTH in 
the 0.1- and 0.2-ml homogenate aliquots removed for assay. It 
is also apparent that the presence of 100 ug of oxidized ACTH 
almost completely prevented the inactivation of ACTH by the 
adrenal tumor homogenate. Protection of ACTH from inactiva- 
tion in the rat adrenal and liver preparations occurred to a lesser 
degree, whereas the oxidized derivative appeared to be com- 
pletely ineffective in affording any protection in the kidney ho- 
mogenate. 

In another experiment testing the ACTH-inactivating effect of 
two concentrations of rat adrenal homogenate, the presence of 
100 wg of oxidized ACTH in the incubation flasks containing the 
equivalent of 10 mg of adrenal homogenate appeared to protect 
the untreated hormone completely from inactivation (Fig. 5). 
Only partial protection was afforded when the amount of adrenal 
homogenate was doubled. 

The effects of oxidized insulin and glucagon were compared 
with oxidized ACTH in another rat adrenal homogenate incuba- 
tion in the presence of the same amount of untreated hormone 
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Fig. 4. Comparison of ACTH inactivation by various tissue 
homogenates in the presence of oxidized ACTH. Ten per cent 
homogenates of the tissues were prepared in 0.05 m Tris buffer 
pH7.5. Commercial ACTH (Upjohn Company), oxidized ACTH, 
and aliquots of the homogenate representing 20 mg of tissue were 
combined and made up to a final volume of 1.0 ml with Tris buffer. 
After incubation at 38° for 1 hour in air, the incubated substances 
were heated in a water bath (85-90°) for 5 minutes and then kept 
onice. The precipitated proteins were homogenized to a uniform 
suspension, and aliquots representing 100 and 200 milliunits, 
respectively, of original ACTH activity were tested for residual 
hormone by the adrenal tumor slice method under incubation 
conditions specified in Fig. 1. The homogenate control represents 
the activity of the original 1000 milliunits of ACTH incubated 
alone for 1 hour at 38° in 0.8 ml of Tris buffer, at the end of which 
time 0.2 ml of homogenate (20 mg of tissue) was added and the 
mixture immediately heated. The initial control represents the 
steroid response to 100 milliunits of the commercial ACTH added 
directly to the assay flask. Each bar is the result of a single 
determination. 
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Fig. 5. Comparison of ACTH inactivation by rat adrenal 
homogenates and the relative protection afforded by the presence 
of oxidized ACTH. The techniques for preparation and incuba- 
tion of the tissue homogenates as well as for the assay of residual 
ACTH activity are the same as those for the rat adrenal tissue 
described in Fig. 4. Each bar is the result of a single determina- 
tion. 
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Fic. 6. Relative protective effects of oxidized glucagon, insulin, 
and ACTH against ACTH inactivation by rat adrenal homoge- 
nate. Homogenate incubation and residual ACTH assay methods 
were the same as in Fig. 4. Each bar is the result of a single 
determination. 


(Fig. 6). This adrenal homogenate preparation almost com- 
pletely inactivated the untreated hormone. The presence of 
oxidized glucagon did not prevent inactivation of the hormone 
by the homogenate. Oxidized insulin partially protected ACTH 
from inactivation, but not nearly as well as the oxidized ACTH. 
In an earlier experiment (Table I) oxidized insulin was ineffective 
in potentiating the ACTH response; it is possible that the effect 
observed in the inactivation experiment was due to the fact that 
a four-fold increase in the concentration of oxidized insulin was 
used, 


DISCUSSION 


The chemical modification of the ACTH polypeptide by per- 
sulfate oxidation resulted in a derivative devoid of any residual 
biological activity, which was effective in potentiating the bio- 
logical activity of the untreated hormone up to 10-fold in vitro. 
When sufficient oxidized material was present with small amounts 
of ACTH, it was possible to stimulate the adrenal tissue to secrete 
steroids at a level equivalent to or slightly above the maximal 
value obtained with excess ACTH (Figs. 2 and 3). The amount 
of steroid secreted under optimal conditions in the presence of 
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the oxidized derivative is probably no greater than that which 
is obtained with a large excess of ACTH alone, for it seems likelv 
that the upper limit is determined by the concentration of other 
substances necessary for steroidogenesis. It is worthwhile 
noting that possibly only one-tenth the amount of ACTH appears 
to be necessary to produce a maximal steroidogenic response in 
the presence of adequate amounts of its oxidized derivative. 

Our observations concerning ACTH inactivation by homoge- 
nates of various rat tissues confirm the earlier studies on hormone 
inactivation made by Richards and Sayers (11) and Gesechwind 
and Li (12). The inactivation of the hormone was believed by 
both groups of investigators to occur by two simultaneous proces- 
ses: destruction by the wide variety of tissue proteolytic enzymes 
and adsorption or binding of hormone to the tissues. In our 
studies, the degree of protection provided by a constant amount 
(100 we) of oxidized ACTH appeared to be different for each 
tissue. Thus, the kidney homogenate completely inactivated 
the added ACTH even in the presence of the protective agent. 
This was not entirely surprising, for Richards and Savers (11) 
have noted that kidney has a remarkable ability to localize and 
inactivate ACTH after its injection into the rat. Some protec- 
tion was afforded in the liver preparation, but best results were 
obtained with rat adrenal and mouse adrenal tumor tissues. 
The latter tissues may have smaller amounts of hormone-inacti- 
vating components than the kidney, so that the quantity of 
oxidized derivative employed was sufficient to partially saturate 
the inactivating systems. Consideration may also be given to 
the possibility that a more specific inactivating mechanism may 
be operative in adrenal tissue whereby an analogue of ACTH 
would be more effective in its competition with ACTH. 

The protective action of oxidized ACTH in the adrenal ho- 
mogenate system is probably analogous to the observations of 
Berdnkova et al. (5) who found that oxytocin inactivation by 
“oxytocinase’’ could be inhibited tn vitro by simple peptides, 
corresponding to structural fragments of the hormone, which 
may act as specific inhibitors of the inactivating enzyme since 
they serve as competitive substrates. It remains to be deter- 
mined whether the protective action of the oxidized derivative 
in the adrenal tumor system is due to competitive or noncom- 
petitive inhibition. 

It was noted above that when oxidized ACTH was used in 
combination with native, oxycellulose-purified ACTH, the degree 
of potentiation was significantly greater than that observed when 
the U.S.P. reference standard, a much less pure preparation, was 
used. This fact suggests that some of the impurities present in 
the cruder preparations may be exerting a similar effect. 

The protective action of oxidized ACTH seemed to have some 
specificity, in that native or oxidized insulin and glucagon and 
plasma proteins were ineffective in potentiating the ACTH 
activity as compared to the positive effect of similar quantities 
of oxidized ACTH (Table I). Oxidized insulin, however, did 
have some protective action in the homogenate experiments, 
but was not nearly as effective as oxidized ACTH. Royce and 
Savers (13, 14) studied the potentiation effect of pitressin on 
ACTH activity in vivo and concluded that the increased hormonal 
activity may be due to vasopressin displacing bound ACTH from 
nonadenohypophyseal storage sites. They concluded that 
ACTH and other basic polypeptides may compete for tissue 
binding sites as well as for sites in the proteolytic enzyme-inacti- 
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vating system. In another study, Barrett and Savers (15) haye 
demonstrated that glucagon or pitressin when added to an iney. 
bated pituitary homogenate exerted an inhibitory action upop 
the ACTH-inactivating system. 

The fact that neither oxidized glucagon nor insulin had as 
much protective effect as oxidized ACTH on ACTH adreng] 
homogenates suggests that the enzymes involved in inactivation 
by adrenal homogenates are more specific for ACTH and related 
substances than are those of pituitary tissue. 

More knowledge of the properties and behavior of the poly 
peptide hormone-inactivating systems may be gained by use oj 
the inactivated hormone derivatives that serve as competitive 
substrate inhibitors. This may then permit a more detailed 
study of the mechanism of biological inactivation of the poly. 
peptide hormones. 

Little is as yet known about the actual chemical structure of 
the oxidized derivative. preliminary chromatographic 
studies, it appears that the polypeptide has not been fragmented, 
Structural analysis has not up to now been initiated.  Deriya- 
tives prepared by subjecting native corticotropin to other rea- 
gents, including oxidizing agents other than persulfate, are being 
prepared for studies of their effects upon ACTH activity in vitro, 
Their use may afford more information concerning hormone. 
inactivating systems as well as contributing to understanding of 
the basic mechanisms of hormone action. 


SUMMARY 

Inactivation of oxycellulose-purified —adrenocorticotrophie 
hormone (ACTH) by treatment with potassium persulfate re- 
sulted in a derivative which potentiated the biological activity 
of the untreated hormone in vitro. With a sufficient amount of 
the derivative, the activity of a small quantity of untreated hor. 
mone could be enhanced up to 10-fold. Oxidation products of 
other polypeptide hormones (glucagon and insulin) and plasma 
protein preparations at comparable concentrations were ineffec- 
tive in producing any potentiation effect when combined with 
ACTH. The incubation of various tissue homogenates with 
ACTH in the presence and absence of the oxidized derivative 
demonstrated that the latter compound inhibited the _ tissue 
ACTH-inactivating system. Protection against ACTH inacti- 
vation by the oxidized derivative was most effective with mouse 
adrenal tumor homogenates and to a lesser degree with rat 
adrenal and liver preparations. No protection was noticeable 
with kidney homogenates. The potentiation effect of oxidized 
ACTH in vitro could therefore be explained in terms of inhibition 

of ACTH destruction by the tissue. 
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It has been demonstrated previously that the anacid mucinous 
secretion obtained by topical application of acetylcholine to the 
eanine Heidenhain stomach pouch is exceedingly complex, con- 
sisting of at least six protein components as revealed by zone elec- 
trophoresis (2) and an as yet undisclosed number of mucopoly- 
saccharide moieties. The fastest moving (anodal) of these 
protein components migrated identically with canine serum al- 
bumin ina number of different electrophoresis systems. Because 
of this similarity in electrophoretic pattern of canine serum albu- 
min and acetylcholine mucus, and particularly because of the 
physiological and biochemical implications of the presence of the 
former in this mucinous secretion, it became necessary to investi- 
gate more thoroughly the possible presence of serum proteins in 
this viscous secretion. To this end, tracer techniques with [*!- 
labeled canine albumin and immunochemical techniques were 
employed. 


EXPERIMENTAL PROCEDURE 


Canine serum albumin (Cohn fraction V) was supplied by 
Pentex, Inec.; albumin comprised 95°, of the total protein re- 
vealed by starch block electrophoresis. C-RISA! was kindly 
prepared for us by Dr. Howard Stern of E. R. Squibb and Sons; 
94° of the ['*' migrated with albumin during starch block elec- 
trophoresis, and less than 1.8°¢ of the preparation was inorganic 
iodine. 

C-RISA (5 to 12 we per kg) was injected intravenously into 
dogs with Heidenhain pouches 16 hours before application of the 
stimulus, either topical acetylcholine alone for nonacid mucus, 
or topical mecholyl and subcutaneous histamine for acid gastric 
juice with high content of organic substances. Dogs which had 
not been operated upon were also used in some of these experi- 
ments, the secretion being collected by orogastric aspiration. Of 
the four dogs with pouches used in the acetylcholine study, two 
were pretreated with 2 or 3 drops of Lugol’s solution 1 day before 
and after the injection of C-RISA. Only specimens not contami- 
nated by blood were retained for this investigation. 

['31, PBI®!, and total protein were determined on the whole 
mucus specimen after homogenization of pH 9 in a pestle homoge- 
nizer. For determination of PBI", unlabeled serum was added 
to the specimen as carrier, and proteins were precipitated by the 
zinc hydroxide method (3); these precipitates were washed twice 
with distilled water. Radioactivity measurements in protein 
precipitates agreed well with those in dialyzed aliquots of the 


* Supported by Grant C-288 from the National Cancer Institute, 
United States Public Health Service. A preliminary report of 
this work was presented before the American Chemical Society 
at its meeting in New York on September 16, 1960 (1). 

1 The abbreviations used are: C-RISA, canine serum albumin 
labeled with PBI?*!, protein-bound 
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same specimen. Non-PBI'*! was determined as the difference 
between total I! and PBI'!. Radioactivity was measured in 
well-type scintillation counter, and in general, sufficient counts 
were accumulated to assure a coefficient of variation of 1.4 to 
1.8°, when caleulated as V = 100/+/ total number of counts. 
was determined in canine plasma by radioactivity 
measurements, plasma albumin and total protein by the biuret 
method (4). From these data, the albumin content per milliliter 
of mucus homogenate was calculated by the following equation: 


Mg albumin/ml mucus = PBI"! counts/ml mucus 


mg albumin/ml plasma 
counts/ml plasma 


Protein in the mucus was determined by a biuret colorimetric 
assay (5) with a serum albumin solution as standard calibrated 
by micro-Kjeldahl nitrogen determination. 

Zone electrophoresis of acetylcholine mucus (fluid portion 
separated by centrifugation), mecholy! histamine acid juice, and 
whole serum was performed with Veronal buffer (['/2 = 0.075, 
pH 8.6) For paper electrophoresis, 1 mg of dialyzed and lyo- 
philized specimen, dissolved in buffer, was placed on Whatman 
No. 3 paper strips, and electrophoresis was performed in a Spinco 
model R cell for 16 hours at 160 volts. Protein patterns were 
revealed by staining with amido black (6). For electrophoresis 
of larger quantities, a block of granular starch (30 cm long, 6 em 
wide, 0.7 cm deep) was prepared, and a slurry containing 25 mg 
of lyophilized specimen, buffer solution, and starch was intro- 
duced into a slot 0.7 em wide; the specimen was subjected to 
electrophoresis for 16 hours at 300 volts and 20 ma in a water- 
cooled apparatus (E-C Company). Segments of the starch block 
(1 em) were extracted with 5 ml of buffer, and the protein con- 
centration in the extracts was determined by the method of 
Lowry et al. (5). The distribution of PBI" by electrophoresis 
was determined by placing 1-cem segments of paper or starch 
test tubes and measuring radioactivity in a well-type scintillation 
counter. 

Rabbit antisera to whole canine serum and to canine albumin 
(Pentex, Inc.) were produced in accord with a standard immun- 
zation schedule (7). Immunological diffusion analysis was pel 
formed by the method of Ouchterlony (8), and agar immuno- 
electrophoresis as described by Grabar (9). 


RESULTS 


Zone electrophoresis of acetylcholine mucus, collected after 
intravenous injection of C-RISA, showed that almost all the 
PBI in the mucus migrated in the same manner as C-RISA 
itself (Fig. 1). 

Determinations of albumin and total pretein in 12 specimens 
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of such mucus, collected from four dogs, gave the data shown in 
Table |. These values show that albumin was a significant 
fraction of the biuret-reacting protein in every one of the 12 
specimens of acetylcholine mucus. 

After stimulation with mecholyl and histamine, albumin was 
also found by zone electrophoresis in nonacid secretions aspirated 
from the stomachs of animals which had not been operated upon. 
Two specimens of pH 7 or above contained 1.5 and 5.4 mg of 
albumin per ml as determined by the PBI'*! technique; the albu- 
min in these specimens comprised 13 and 42% of the total biuret 
protein, respectively. Two specimens of saliva, obtained from 
the same animals in the course of gastric collection, contained 
0.36 and 6.8 mg of albumin per ml. Unstimulated secretion 
(six specimens), collected from dogs with whole stomachs by 
gastric aspiration and from others with Heidenhain pouches, 
contained 0.28 to 2.9 mg of albumin per ml. These specimens 
were highly turbid, for which reason colorimetric total protein 
values were not determined on them. 

Incubation of acetylcholine mucus in vitro at pH 7 (adjusted 
with 0.1 M sodium phosphate buffer) for 1 hour at 37° under 
toluene produced no change in its content of PBI", At pH 1.2, 


DISTRIBUTION OF PROTEIN AND PROTEIN-BOUND-1!>! 
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TABLE [ 
Albumin and total protein content in acetylcholine mucus 


Range Mean* 
Albumin (mg/ml mucus)... ..... 4.0-10.2 6.4 + 2.7 
Total biuret protein (mg/ml 
Albumin (as % of total protein 
in the specimen).............. 28.5-74.5 44.0 + 9.5 


Mean + standard deviation. 


M. I. Horowitz and F. Hollander 


PAPER ELECTROPHORESIS, VERONAL BUFFER, pH=8.6,% =0.075 
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STAIN; AMIDO BLACK 


ACh MUCUS (#141) FLUID PORTION— ACID DIGEST ( pH 1,5) 


POST -—PRANDIAL GASTRIC POUCH JUICE (T-2) (pHi.5) 


Fig. 2 


Fic. 3. Agar diffusion of acetylcholine mucus and para-mucus. 
Well 1, acetylcholine mucus (448) ; well 2, canine albumin (Pentex) ; 
well 3, acetylcholine mucus (238); well 4, 0.7 saturated (NH,4)oSO, 
precipitate from acetylcholine mucus; well 5, para-mucus; center 
slit, rabbit antiserum to canine albumin (Pentex). 


at which the pepsinogen in the mucus was converted to pepsin 
and peptic digestion ensued, more than 50% of the protein- 
bound label was degraded with formation of non-PBI*. Ex- 
amination of these acid-pepsin digests in vitro by paper elec- 
trophoresis revealed the disappearance of almost all anodic 
components and the appearance of cathodic ones not previously 
present (Fig. 2). Specimens of acid gastric juice, as ordinarily 
collected, never revealed albumin on paper strips and showed 
only negligible or slight amounts of PBI", 

The presence of multiple antigens in the Pentex canine albu- 
min is revealed by the agar diffusion technique, as depicted in 
Fig. 3. The most dense of the precipitin bands corresponded to 
albumin by agar immuno-electrophoresis. Despite the number 
of antigens present in the specimen of Pentex albumin, it can 
be seen that some of these are present also in two specimens of 


acetylcholine mucus (238 and 448), and in the precipitate ob- 
tained from this secretion at 0.7 saturation with (NH,)SO,. 
Para-mucus collected from gastric pouches after topical stimula- 
tion with iodoacetamide (10, 11) also contained these antigens. 
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Fic. 4. Immunoelectrophoretic studies using rabbit antiserum 
to canine albumin (Pentex). A, acetylcholine mucus (238); B, 
acetylcholine mucus (448); C, canine albumin (Pentex); D, para- 
mucus; EF, precipitate of acetylcholine mucus at 0.7 saturation 
with (NH,) SO,; ALB, serum albumin. 
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Fic. 5. Immunoelectrophoretic studies using rabbit antiserum 
to canine whole serum. <A, acetylcholine mucus (448); B, canine 
whole serum; ALA, serum albumin; y, y-gtooulin. 


Immuno-electrophoresis of acetylcholine mucus, para-mucus, 
the precipitate obtained at 0.7 saturation with (NH,).SO,, and 
: Pentex canine albumin, with the use of rabbit anticanine albu- 
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min (Pentex), revealed the presence of albumin and a@- and 8. F ge 
globulins (Fig. 4). Immuno-electrophoresis of acetylcholine the 
mucus and canine serum against rabbit antiserum to whole gas 
canine serum revealed the presence of albumin and a-, 8-, and gas 
y-globulins (Fig. 5). tut 

The anacid gastric specimens contained significant amounts of 
not precipitated by the (designated non-PBI%), 
amounts which were much greater relative to the content of PBI 
than those initially present in the C-RISA. The concentration | ser 
ratio of counts of non-PBI" per ml of mucus to counts of non- | ser 
PBI! per ml of plasma drawn at the same time as the specimen | fro 
was collected is given in Table II]. Such concentration of the | ast 
non-PBI'*!, but not of the protein-bound label, occurred regard. | up 


less of whether the animal had been treated with Lugol’s solution, 2 
pro 
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Albumin comprised 44° of the total protein of the viscous | ges 
canine acetylcholine mucus; this result is in good agreement with 
previous zone electrophoresis studies (2) which showed the lead- 
ing anode peak to comprise 30 to 57° of the total protein in the -" 
secretion. Exact quantitation is open to several sources of error, 
Approximately 5°¢ of the injected labeled protein is not albu- ” 
min; consequently, some of the PBI values determined by 
Zn(OH)» precipitation may be high. Values for total protein x 
content also are approximate because, although most proteins 
give comparable color yields by the biuret reaction, such com- 
parability has not yet been established for the individual pro- 
teins in the gastric secretions. Data reported by us and by 
others (12, 13) indicate that serum albumin is present in human 
and canine saliva, but since the mucinous secretion used in the 
present study was obtained from isolated gastric pouches, 
salivary secretion cannot account for its occurrence in this mucus. 

The ability of the stomach to concentrate inorganic iodide has 
been reported previously by numerous investigators. In the 
experiments reported here, the stomach mucosa invariably con- 
centrated I! to a level well above that of the plasma. The 
values of PBI obtained by Zn(OH)» precipitation agreed with 
those obtained on the nondialyzable fraction of whole acetyl- 
choline mucus. In acid gastric juice and in other secretions in 
which the content of non-PBI'*! greatly exceeded that of PBI, 
dialvsis of the specimen before precipitation of the protein is 
essential in order to avoid contamination of the precipitate by 
non-P BI, 

Serum proteins have been found in bile (14) and intestinal 
fluid (13), as well as salivary secretion, from both dog and man. 
Hence, this efflux of serum proteins appears to be a fairly general 
phenomenon in the digestive tract. The relative amount of the 


TABLE II 


Relative concentrations of I} in acetylcholine mucus and canine 
plasma collected stmultaneously 


| ratio: 
| Treatment 'Sinucus to Jasma 
Dog No. with Lugol’s 

Range Mean* 

1 | + 4 | 4.8-17.2 | 10.42 5.1 
2 + | 4 16-5.7 | 3.5641.4 
| | |. 6.0276 | 06268 


* Mean + standard deviation. 
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serum proteins contributed to the total gastric juice protein in 
these various secretions is yet to be determined, but in canine 
gastric secretion stimulated by acetylcholine and in human 
gastric juice neutralized in situ (15, 16), serum albumin consti- 
tutes a significant fraction of this total protein. 


SUMMARY 


1. Zone electrophoresis, tracer studies with ['*!-labeled canine 
serum albumin, and agar immuno-electrophoresis showed that 
serum proteins are present in anacid mucus and para-mucus 
from canine gastric pouches, and also in anacid gastric juice 
aspirated from the stomachs of dogs which had not been operated 
upon. 

" Albumin comprised 44 + 9.5% of the total biuret-reacting 
protein present in the anacid mucus, but it was never found in 
more than trace quantities in acid gastric juice when peptic di- 
gestion could occur. 
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Previous methods for the determination of homogentisic acid 
have been based upon its ability to reduce silver (1), phospho- 
molybdic acid (2), or iodine (3-5). The error introduced by 
other biological substances which have similar reducing proper- 
ties is inconsequential in the determination of the relatively 
large amounts of homogentisic acid present in urine from a 
patient with aleaptonuria. Such errors, however, are substantial 
in the determination of the relatively low concentrations of 
homogentisic acid in the plasma of aleaptonuric patients. Some 
attempts were made to gain greater specificity by preliminary 
extraction of homogentisic acid into ether, and by the use of an 
iodometric method which took advantage of the increase in 
oxidation potential of the quinone form of homogentisic acid 
upon lowering the pH (6). Neuberger (6) also utilized the rapid 
reduction of silver by homogentisic acid at pH 4.4 in the presence 
of colloidal gold to estimate levels of homogentisic acid in plasma. 
Nevertheless, these methods admittedly lacked specificity and 
precision when applied to alcaptonuric plasma. 

We have developed a simple and rapid enzymatic spectro- 
photometric method for the determination of homogentisic 
acid which uses partially purified homogentisic acid oxidase 
and detects as little as 1 ug of homogentisic acid. This method 
has been used to determine the plasma levels of homogentisic 
acid in patients with aleaptonuria, the diurnal variation in this 
level, and the changes produced by feeding phenylalanine. 


EXPERIMENTAL PROCEDURE 


Principle—Homogentisic acid is oxidized by homogentisic acid 
oxidase to maleylacetoacetic acid. The latter product absorbs 
ultraviolet light with a molar extinction coefficient at 330 my of 
13,500 (7, 8). Homogentisic acid oxidase is specific for homo- 
gentisic acid as a substrate (gentisic acid, homogentisic acid 
lactone, and esters of the acid are not oxidized) (9, 10). The 
oxidase must be purified sufficiently to remove essentially all of 
the maleylacetoacetic acid isomerase activity so that the highly 
absorbing maleylacetoacetic acid accumulates and is not further 
metabolized during the assay period. Homogentisic acid oxidase 
has a high affinity for homogentisic acid and the Michaelis- 
Menten constant, determined in our laboratory, is approximately 
1.07 X 10-° m. The high affinity permits the determination of 
small amounts of homogentisic acid and promotes a rapid and 
complete conversion of substrate to maleylacetoacetic acid. 


Reagents 


Homogentisic Actd—The routine use of a standard homogentisic 
acid solution with each set of determinations is not necessary, 
However, a freshly prepared standard solution of the acid js 
used to check the activity of the homogentisic acid oxidase during 
purification of the enzyme and to assay the activity of stored 
enzyme preparations. 3 

Purified homogentisic acid lactone, obtained from the Cali- 
fornia Corporation for Biochemical Research, was assayed mano- 
metrically with homogentisic acid oxidase, and spectrophometri- 
cally after enzymatic hydrolysis of the lactone.!. The analyses 
agreed closely, within 5% of the molar extinction coefficient of 
13,500 at 330 my (7, 8). Homogentisic acid was isolated from 
the urine of an alcaptonuric patient and purified (11). The 
crystalline homogentisic acid monohydrate had a melting point 
of 150-152°. The acid was also obtained commercially from the 
Cyclo Chemical Corporation. The purity of these preparations, 
based upon the molar extinction coefficient of maleylacetoacetic 
acid, varied from 85 to 93%. 

Albumin Solutton—An aqueous solution of crystalline bovine 
plasma albumin, purchased from the Armour Laboratories, 
containing 4.0 mg per ml is routinely added to the assay system 
to stabilize homogentisic acid. In the assay of plasma this 
reagent is not necessary. 

Sodium Phosphate Buffer, pH 6.5—The optimal pH for homo- 
gentisic acid oxidase activity is slightly above 7.0 (9, 12), buta 
lower pH, 6.5, is preferable, since the acid is less susceptible to 
nonenzymatic oxidation to a melanin-like product. 

Homogentisic Acid Oxidase—The method for the purification 
of homogentisic acid oxidase from rat liver is essentially the 
same as that described by Knox and Edwards (7) (see (8) also). 
In the alcohol fractionation step, the fraction that precipitates 
between 12 and 25% ethanol is saved and washed with 25% 
ethanol. In the next step, precipitation with ammonium sulfate, 
the fraction that precipitates between 40 and 70% saturation is 
saved. The precipitate is dissolved in a 1% aqueous solution of 


mercaptoethanol and stored in evacuated tubes at —10°. The 


tubes of enzyme are reevacuated and frozen each time after use, 
and frozen preparations maintain nearly complete activity for 
several months. The specific activity of rat liver enzyme prepa- 


1 Homogentisic acid lactone was converted to the free acid by 
incubation with human plasma which contains lactonase activity. 
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rations varies, but it is usually between 20 and 40 units per mg 
of protein. One unit is defined as an increase of 0.010 optical 
density units at 330 my in one minute under the conditions of 
assay described below at 25°, with homogentisic acid as the 
substrate. 

Enzyme preparations should be essentially free from maleyl- 
acetoacetic acid isomerase activity. This can be readily de- 
termined by observing the stability of the product, maleylaceto- 
acetic acid, at 330 my after its formation from homogentisic 
acid. Homogentisic acid oxidase preparations may be slightly 
contaminated with p-hydroxyphenylpyruvic acid oxidase ac- 
tivity, and this contaminant would allow p-hydroxyphenyl- 
pyruvic acid to be oxidized to maleylacetoacetic acid if the 
a-keto acid were present in the biological material to be analyzed. 
Interference by p-hydroxyphenylpyruvic acid can be prevented 
by the addition of 0.001 m diethyldithiocarbamate which com- 
pletely inhibits p-hydroxyphenylpyruvic acid oxidase (13) with- 
out blocking homogentisic acid oxidase activity. 


Method 


Plasma Homogentisic Acid—Spectrophotometric measurements 
are made with a Beckman model DU spectrophotometer with 
ultraviolet attachment in 4 ml silica cells with a 10 mm light 
path. The control and experimental cuvettes contain 2.0 ml of 
0.2 m sodium-phosphate buffer, pH 6.5, 0.47 ml of water, and 
0.50 ml of plasma.” An initial reading is taken at 330 my and 
0.03 ml of water and 0.03 ml of homogentisic acid oxidase (ap- 
proximately 10 units) are added to the control and experimental 
cuvettes, respectively. Readings are taken at half-minute or 
minute intervals until the maximal absorption is reached. 

The maximal optical density reading must be corrected for 
the slight absorption caused by homogentisic acid oxidase, and 
the value of this correction is determined by measuring the 
absorption of the enzyme, with the substitution of water for 
plasma in the above method. In most enzyme preparations the 
correction is less than 0.050. However, as enzyme preparations 
age, turbidity increases and centrifugation may be necessary to 
clarify the enzyme solution. 

The corrected optical density reading divided by 0.0268 is 
equal to the number of wg of homogentisic acid in the plasma 
aliquot analyzed. The value, 0.0268, is the optical density 
change per ug of homogentisic acid oxidized to maleylacetoacetic 
acid under the above experimental conditions.’ 

Urine Homogentisic Acid—Determination of homogentisic 
acid in urine is carried out essentially the same way as in plasma. 
However, urine from alcaptonuric subjects contains several mg of 
homogentisic acid per ml and must therefore be diluted until the 
aliquot to be analyzed contains between 5 and 25 wg. Addition 
of 0.05 ml of the 0.4% bovine plasma albumin solution to both 
the control and experimental cuvettes is made to stabilize homo- 
gentisic acid. 


RESULTS AND DISCUSSION 


Recovery of Homogentisic Acid Added to Urine and Plasma— 
Various amounts of homogentisic acid, between 2.5 and 20 ug, 


? If more or less than 0.5 ml of plasma is to be analyzed, the vol- 
ume of the water is adjusted proportionately. The analyses may 
also be carried out in smaller cuvettes with a total liquid volume 
of 1.0 ml and a 1 cm light path, with all of the components reduced 
to one-third. Under these conditions, each ug of homogentisic 
acid gives an optical density change of 0.080. 
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MICROGRAMS OF HOMOGENTISIC ACID 


Fic. 1. Optical density at 330 my versus concentration of homo- 
gentisic acid determined in urine and plasma. 


TABLE I 
Fasting plasma levels of homogentisic acid in aleaptonuric patients 


One ml of plasma analyzed by the enzymatic spectrophotomet- 
ric method. 


ug/ml 
Se M 38 5.1 
M | 43 §.3 
M 55 8.9 
M 55 10.0 


* The four samples from G. W. were taken at approximate 
monthly intervals. 


TaBLe II 
Diurnal variation of homogentisic acid in plasma of 
alcaptonuric patient 
The patient was on a regular hospital diet at the time of the 
study. 


Time _ Concentration of Ln homogentisic 

ug/ml 
8:30 a.m. 5.1 
10:00 a.m. 6.9 

12:00 noon 6.5 
3:00 p.m.* 8.3 
4:45 p.m. | 11.2 
8:45 p.m. | 10.6 
11:30 p.m. 8.3 


* Urine collected between 3:00 p.m. and 4:45 p.m. contained 
574 mg of homogentisic acid. Clearance of homogentisic acid in 
this time interval was calculated as 573 ml per minute. 


added to plasma and urine were recovered with adequate preci- 
sion. Fig. 1 demonstrates the linear relationship between the 
concentration of homogentisic acid and the optical density at 
330 my, and the results are in agreement with the theoretical 
values expected. Duplicate samples rarely disagree by more 


sary, 

uring 

ored 
Cali- 

ano- 
etri- 

lyses 
nt of 
from 

The 

oint | 

cetic 
ovine 
ories, 
stem 

this 
omo- 
out a 
le to 
ation 

the 
iso}. 
tates 

25% 
liate, 
on is 

| 

use, 
y for 

d by 
vity. | 

UM | 


776 


III 
Effect of feeding phenylalanine to alcaptonuric patient 
and his two nonalcaptonuric sons 


The patients were given 0.1 g. L-phenylalanine per kg of body 
weight at 9:00 a.m. Urine samples were analyzed by the Briggs 


method (2). 


Plasma 


Concentration of homogentisic acid 


Patient | 
Briggs method 
ug/ml pg/ml 
G. W. 9:00 a.m. 8.7 14.4 
11:00 p.m. | 26.5 25.4 
1:00 p.m. | 56.6 65.5 
4:00 p.m. | 51.6 60.8 
J. W. (son) 9:00 a.m. <1.0 13.3 
11:00 a.m. | <1.0 13.3 
1:00 p.m. | <1.0 11.3 
4:00 p.m. | <1.0 12.6 
D. W. (son) 9:00 a.m. <1.0 9.1 
11:00 a.m. | <1.0 13.3 
| 1:00 p.m. | <1.0 10.3 
| 4:00 p.m. | <1.0 | 12.3 
Urine 
| Extra homogen- 
Patient 6-24 to 25. 6-25 to 26 6-26 to 27*| 6-27 to 28 tisic acid 
| excreted 
g of homogentisic acid excreted/24 hrs g 
G. W. 3.55 3.79 12.91 3.79 9.21 
J. W. (son) 0.08 0.08 0.08 0.08 0.00 
D. W. (son) 0.19 0.06 0.14 0.10 0.02 


* Day of urine collection after oral administration of phenyl- 
alanine. 


than 5%, and the precision of the method is adequate for al- 
captonuric urine and for most samples of aleaptonuric plasma 
(0.5 ml or 1.0 ml analyzed, contains at least 2 ug). To increase 
the precision in analyses of plasma with low concentrations of 
homogentisic acid, the amount of plasma analyzed per cuvette 
can be increased to 1.5 ml if a photomultiplier attachment is 
used. Higher sensitivity may also be obtained by using the 
semi-micro modification in which the total liquid volume per 
cuvette is 1.0 ml.? 

Plasma which has been frozen at — 10° for one week loses about 
25% of its homogentisic acid content, and the loss is only slightly 
less if ascorbic acid (0.001 mM) has been added as an antioxidant. 
Frozen acidified urine samples, however, maintain homogentisic 
acid without any detectable loss for at least one week. 

Homogentisic Acid Levels in Normal and Alcaptonuric Plasma— 
Numerous assays performed on plasma from many nonalcap- 
tonuric individuals have failed to demonstrate homogentisic 
acid. If this acid is present in normal plasma, its concentration 
must be less than 1 wg per ml, the lower limit of detection by this 
method. Homogentisic acid added to normal plasma can be 
completely recovered even after several hours, and the failure to 
find homogentisic acid in normal plasma is not caused by its 
enzymatic removal by homogentisic acid oxidase. 

The concentration of homogentisic acid in the plasma of six 


Estimation of Homogentisic Acid 
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alcaptonuric individuals varied considerably, and values ranged 


from 5.0 to 11.0 ug per ml in the fasting state (Table I). The 
values gradually increased during the day, and an example of 
the diurnal variation in the plasma concentrations in a 38-year. 
old male alcaptonuric patient on a regular hospital diet is jj. 
lustrated in Table II. 

Calculation of the renal clearance of homogentisic acid in this 
patient (Table II) indicates that this acid is secreted by the 
kidney. This finding is in agreement with earlier conclusions of 
Neuberger et al. (11) based upon renal clearance studies in 4 
7-year-old alcaptonuric girl. 

Effect of Feeding Phenylalanine to Alcaptonuric and Non. 
alcaptonuric Subjects—It seemed probable that the diurnal 
variation observed was caused by the catabolism of phenylalanine 
and tyrosine in the diet, since these amino acids are the only 
known precursors of homogentisic acid. Experiments were, 
therefore, carried out to determine the effect of feeding phenyl. 
alanine to an alcaptonuric patient and his two nonalcaptonuric 
sons. L-Phenylalanine, 0.1 g per kg of body weight, was ad- 
ministered orally after being mixed with ice cream, and plasma 
samples were taken at various intervals for homogentisic acid 
analyses. The results of these studies are summarized in Table 
III. Plasma levels of homogentisic acid determined by the 
specific enzymatic method were about 10 ug per ml lower than 
when determined by the nonspecific chemical method of Briggs 
(2), based upon the reduction of molybdate. In addition, the 
results indicate that there was no detectable homogentisic acid 
in the plasma of the two sons of the aleaptonuric patient after 
ingestion of phenylalanine. Since there is general agreement 
that aleaptonuria isinherited as a recessive trait (10, 14), children 
of an alcaptonuric subject should theoretically be carriers of the 
disease. Homogentisic acid oxidase is missing in alcaptonuric 
liver (15), and it might be expected that carriers of the abnormal 
gene would have a reduced amount of enzyme activity as do 
carriers of phenylketonuria (16-18); this deficiency might be 
revealed by a suitable loading test. 

Urine analyses also showed that the alcaptonuric subject 
excreted nearly all of the phenylalanine ingested as extra homo- 
gentisic acid, but no homogentisic acid was excreted by the 
presumably heterozygous nonalcaptonuric sons. Possibly a 
tolerance test with homogentisic acid itself would be a more 
sensitive means of showing a defect in the rate of metabolism in 
carriers of aleaptonuria. <A tolerance test based upon this princi- 
ple is now being evaluated. 


SUMMARY 


An enzymatic spectrophotometric method has been described 
for the specific and quantitative determination of homogentisic 
acid in plasma and urine. The method is based upon the en- 
zymatic conversion of homogentisic acid to maleylacetoacetic 
acid with purified homogentisic acid oxidase, and the absorption 
of the resulting product is measured at 330 mu. The method 
has been applied to the analysis of plasma and urine of normal 
and alcaptonuric individuals and the effect of feeding phenylal- 
anine on these levels has been determined. 
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The synthesis of oxytocin (1), arginine-vasopressin (2), and 
lysine-vasopressin (3-5) has opened the way for the synthesis 
of analogues of the natural hormones, thus affording an oppor- 
tunity to study the relationship between structure and biological 
activity in these hormones. One of the most interesting ana- 
logues thus far prepared is arginine-vasotocin, an octapeptide 
amide containing the ring of oxytocin and the side chain of 
arginine-vasopressin. Some time after the synthesis of this 
substance and the investigation of some of its biological effects 
in this laboratory (6), the arginine-vasotocin was tentatively 
identified as a naturally occurring hormone in fowl neurohypo- 
physial extracts by Munsick, Sawyer, and van Dyke (7-9) on 
the basis of pharmacological and chromatographic evidence. 
Chauvet, Lenci, and Acher (10) in a preliminary communication 
have reported the isolation of a peptide from fowl neurohypo- 
physial extracts which appears to be arginine-vasotocin. Thus 
the evidence is convincing at the present time for the occurrence 
in nature of arginine-vasotocin. If further work substantiates 
this conclusion, the synthesis of this compound would represent 
a remarkable example of the synthesis of a polypeptide hormone 
before its identification as a natural product. 

Sawyer, Munsick, and van Dyke (8) have also studied neuro- 
hypophysial extracts from cold-blooded vertebrates and have 
advanced the hypothesis that arginine-vasotocin occurs not 
only in birds but also in reptiles, amphibians, and _ teleosts. 
Their evidence also indicates that it appears in the most primi- 
tive living vertebrates, the cyclostomes. The one elasmobranch 
(spiny dogfish) that they studied appeared to possess an active 
peptide unlike any that they had encountered elsewhere among 
the vertebrates. Pharmacological studies on the pituitaries of 
fish, fowl, and frogs by Pickering and Heller (11) also provided 
evidence for the presence of a peptide different from arginine- 
or lysine-vasopressin in these species. Maetz et al. (12, 13) came 
to a similar conclusion with regard to cold-blooded vertebrates. 
More recently Acher et al. (14) isolated a substance from frog 
posterior pituitaries with a composition corresponding to that 
of arginine-vasotocin. Furthermore, the biological properties 
of the isolated product corresponded to those of synthetic argi- 
nine-vasotocin furnished to these investigators by our labora- 
tory. 

The present paper describes the synthesis and pharmacologi- 
eal properties of lysine-vasotocin, a compound similar to argi- 
nine-vasotocin but having the ring of oxytocin attached to the 


* This work was supported in part by Grant H-1675 from the 
National Heart Institute, United States Public Health Service. 
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side chain of lysine-vasopressin rather than arginine-vasopressin, 
It may be noted that lysine-vasotocin bears a close relationship 
to both oxytocin and vasopressin, differing from oxytocin by 


Asp—NH:.CyS. Pro. Lys.Gly—NH, 
(1) (2) (@) (4) (5) (6) (7) (8) (9) 


Lysine-vasotocin 


replacement of the leucine residue with lysine, and from lysine- 
vasopressin by replacement of the phenylalanine residue with 
isoleucine. Thus lysine-vasotocin might equally well be called 
8-lysine oxytocin or 3-isoleucine lysine-vasopressin. 

While our work was in progress, the synthesis and pharma- 


cological behavior of this substance were reported by Boissonnas | 


and Huguenin (15). However, different pathways were used 
for the preparation of the required nonapeptide intermediate 
in the two laboratories. Furthermore, the potency of our prepa- 
ration of lysine-vasotocin is considerably higher than that re- 
ported by Boissonnas and Huguenin. 

In the present work the protected nonapeptide amide inter- 
mediate, -L-iso- 
leucyl-L-glutaminy]-L-asparaginy] - S - benzyl -L-cysteiny] - L-pro- 
lyl-Ne-tosyl-L-lysylglycinamide, was prepared by the stepwise 
attachment of L-isoleucine, L-tyrosine, and S-benzyl-\-carbo- 
benzoxy-L-cysteine to 
cysteinyl-L-prolyl-Ne-tosyl-L-lysvlglycinamide (5) according to 
the nitrophenyl ester method as employed in the synthesis of 
long chain polypeptides (5, 16). 

The lysine-vasotocin was prepared from the protected nona- 
peptide by reduction with sodium in liquid ammonia and subse- 
quent oxidation to the cyclic disulfide form by aeration. The 
crude product was then desalted and the lysine-vasotocin was 
isolated by ion exchange chromatography (17). The lysine- 
vasotocin thus obtained traveled as a single spot upon paper 
chromatography in butanol-acetic acid-water (4:1:5). The 
amino acid analysis of an acid hydrolysate of the material 
showed the expected amino acid ratios. The material also gave 
the expected results on elementary analysis. It is of interest 
to note that lysine-vasopressin of this high degree of purity was 
obtained repeatedly in a yield of 65% from the protected nona- 
peptide. 

The lysine-vasotocin possessed 130 U.S.P. units per mg of 
pressor activity in the rat (18) in comparison to lysine-vas0e- 
pressin which possesses somewhat more than twice this potency. 


The lysine-vasotocin was found to possess 190 U.S.P. units per | 
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mg of avian depressor activity upon assay by the method de- 
scribed in the Pharmacopeia (19). However, the chicken was 
prepared according to the procedure of Munsick, Sawyer, and 
van Dyke (9). This value is more than 4 times the potency of 
Jysine-vasopressin but less than one-half that of oxytocin with 
respect to avian depressor activity. The material obtained by 
Boissonnas and Huguenin (15), which was purified by counter- 
current distribution, had a rat pressor activity of 39 units per 
mg and an avian depressor activity of 54 units per mg. 


EXPERIMENTAL PROCEDURE 


S- benzyl- 
€-tosyl-t-lysylglycinamide (I)—The pro- 
tected hexapeptide, carbobenzoxy-L-glutaminyl-L-asparaginyl- 
Ne - tosyl - L - lysylglycinamide, 
prepared by the procedure of Bodanszky, Meienhofer, and du 
Vigneaud (5), was used for the preparation of the protected 
heptapeptide I. The protected hexapeptide had a melting point 
of 195-199° (softening at 185°) and [a] 2’? —40° (ce 1, dimethyl- 
formamide). These values agree closely with the values re- 
ported by Bodanszky, Meienhofer, and du Vigneaud (5). _Bois- 
sonnas and Huguenin (15) report a melting point of 155° (decom- 
position) and [a]; —36.3° (c 2, dimethylformamide) for this 
compound. The p-nitrophenyl carbobenzoxy-L-asparaginate, 
which was used in the preparation of the protected hexapeptide, 
was prepared by the procedure of Bodanszky and du Vigneaud 
(16) and purified by recrystallization from ethyl acetate, which 
we have found to be particularly effective for the purification of 
this compound. 

To a solution of 3.3 g of the protected hexapeptide in 15 ml of 
glacial acetic acid were added 25 ml of 4 N hydrogen bromide 
in glacial acetic acid. The resulting solution was allowed to 
stand for 1 hour at room temperature. Absolute ether (150 ml) 
was added to the solution with swirling. The solid thus formed 
was filtered off and washed twice with 50 ml of absolute ether. 
The hydrobromide was dried in a vacuum over CaCl. and 
NaOH, dissolved in 15 ml of dimethylformamide, and cooled in 
ice. Triethylamine (4 ml) and p-nitrophenyl carbobenzoxy- 
L-isoleucinate (16) (1.5 g) were added and the mixture was al- 
lowed to stand at room temperature for 2 days. (The product 
usually crystallized partially at this stage.) Then 4 ml of gla- 
cial acetic acid and 250 ml of ethyl acetate were added. The 
solid was filtered off, washed with 100 ml of ethyl acetate, trit- 
urated with 75 ml of ethanol, filtered off, washed with 25 ml 
of ethanol, and air dried; yield, 3.1 g (82%), melting point, 
220-223°, [a]%? —38° (c 1, dimethylformamide). The sample 
for analysis was recrystallized from 85% ethanol (0.2 g in 50 
ml) with no resultant change in the melting point. 


Cs3H7;0 13.N 1 iS2 
Calculated: C 56.02, H 6.48, N 13.56 
Found: C 55.90, H 6.54, N 13.49 


-isoleucyl-x -glutaminyl- 
- prolyl - Ne-tosyl-1-lysylglycin- 
amide (II)—To a solution of 2.4 g of the heptapeptide derivative 
Tin 15 ml of glacial acetic acid were added 15 ml of 4 N hydro- 
gen bromide in glacial acetic acid. After the solution had been 
allowed to stand for 1 hour at room temperature, 150 ml of 
absolute ether were added with swirling. The precipitate was 
filtered off, washed twice with 50 ml of absolute ether, and dried 
ina vacuum over NaOH and CaCl. The material was then 
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dissolved in 15 ml of dimethylformamide and cooled in ice. To 
this solution were added 4 ml of triethylamine followed by 1.5 
g of p-nitrophenyl O-benzyl-N-carbobenzoxy-L-tyrosinate (16). 
The mixture was allowed to stand for 2 days at room tempera- 
ture, during which time crystallization usually occurred. Then 
6 ml of glacial acetic acid were added, followed by 150 ml of 
water. The precipitate was filtered and washed twice with 50 
ml of water. The solid was triturated with 25 ml of ethanol 
and washed with 25 ml of ethanol and 25 ml of warm ethyl 
acetate. The air-dried solid weighed 2.6 g (82%) and melted 
at 222-224°, —31° 1, dimethylformamide). The ana- 
lytical sample was recrystallized from 85% ethanol (0.15 g in 
30 ml), and the melting point was raised to 224-226°. 


C 1252 


Calculated: C 59.63, H 6.38, N 12.09 
Found: C 59.44, H 6.38, N 12.00 


S-Benzyl-N 
N €- tosyl-1-ly- 
sylglycinamide (III)—To a solution of 1.0 g of the octapeptide 
derivative II in 6 ml of glacial acetic acid were added 6 ml of 
4 n hydrogen bromide in glacial acetic acid. After the solution 
had been allowed to stand for 1 hour at room temperature, 60 
ml of absolute ether were added with swirling. The precipitate 
was filtered off, washed twice with 20 ml of absolute ether, and 
dried in a vacuum over NaOH and CaCl: The hydrobromide 
was dissolved in 6 ml of warm dimethylformamide and cooled 
in ice. To this solution were added 1.5 ml of triethylamine 
followed by 0.40 g of p-nitrophenyl S-benzyl-N-carbobenzoxy- 
L-cysteinate (16). The mixture was allowed to stand for 3 
days at room temperature. Then 2 ml of glacial acetic acid and 
100 ml of water were added. The precipitate was filtered and 
washed with 50 ml of water, 10 ml of 1:1 acetone-ethy] acetate, 
40 ml of warm ethyl acetate, and 10 ml of ethanol. The air- 
dried material weighed 0.95 g. This material was dissolved in 
20 ml of dimethylformamide, reprecipitated with 200 ml of 
ether, filtered off, triturated with 50 ml of ethyl acetate, and 
air dried; weight, 0.81 g (75%), melting point, 224-227°, [a]” 
—38° (c 1, dimethylformamide). A sample (0.1 g) for analysis 
was dissolved in hot 85% ethanol (100 ml), and the solution 
was filtered and cooled, whereupon the material precipitated. 
The melting point was thus raised to 229-231°. The rotation 
was unchanged; literature (15) melting point, 230°, [a]f -—32° 
(c 0.8, dimethylformamide). 


CrH 930) 1 oN 1393 
Calculated: C 57.92, H 6.28, N 12.20 
Found: C 58.11, H 6.27, N 11.93 


Lysine-vasotocin—The nonapeptide derivative III (300 mg) 
was dissolved in 300 ml of liquid ammonia which had been dis- 
tilled from sodium. Sodium was added to this solution, and 
the reduction was carried out according to the procedure de- 
scribed previously for the synthesis of oxytocin (1). Three 
drops of acetic acid were added to expel the blue color. The 
ammonia solution was allowed to evaporate down to a volume 
of about 20 ml, and the rest of the ammonia was removed in a 
vacuum. The contents of the flask were kept under reduced 
pressure for } hour. The residue was washed twice with 100 ml 
of ethyl acetate and then dissolved in 500 ml of water. The pH 
of the solution was adjusted from approximately 4.5 to approxi- 
mately 7 with dilute ammonia. Air was bubbled through this 
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solution until the sodium nitroprusside test for sulfhydryl groups 
was negative (1 hour). This solution contained about 18,000 
units of rat pressor activity, based on comparison with the 
U.S.P. Posterior Pituitary Standard Powder (18). The pH was 
adjusted to approximately 4 with acetic acid, and the solution 
was poured onto a column of IRC-50 (XE-64) (1 by 38 em) in 
the acid form for desalting (20). The column was washed with 
0.25% acetic acid until the pH of the effluent reached about 3 
(300 ml) and then with 25 ml of water. The material was 
eluted with 60 ml of 30% pyridine-4% acetic acid solution. 
The eluate was lyophilized to a product (210 mg) with 90 to 
100 units of rat pressor activity per mg. 

The crude lysine-vasotocin was purified by use of ion exchange 
chromatography. The 210 mg of product were dissolved in 1 
ml of 0.56 M ammonium acetate buffer pH 6.3 and placed on an 
IRC-50 (XE-64) column (1 by 38 em) which had been equili- 
brated with the buffer. The column was developed with the 
buffer at a flow rate of 3 to 6 ml per hour, and 3-ml fractions 
were collected. The fractions were analyzed by determination 
of the Folin-Lowry color reaction (21) and rat pressor activity, 
which indicated that the active material was in Fractions 32 to 
62. The contents of these tubes were combined and acidified 
to a pH of approximately 4 with acetic acid. This solution was 
desalted on IRC-50 as already described. The lyophilized 
product weighed 130 mg and had a rat pressor activity of 130 
U.S.P. units per mg and an avian depressor activity of 190 
U.S.P. units per mg. 3 

Paper chromatography with the system butanol-acetie acid- 
water (4:1:5) showed the material to travel as a single spot 
(Ry 0.14). The amino acid analyses were performed on a 
Beckman-Spinco amino acid analyzer according to the proce- 
dure of Spackman, Stein, and Moore (22). The product showed 
the following amino acid molar ratios (with the ratio for isoleu- 
cine taken as 1): isoleucine 1.0, tyrosine 0.9, proline 1.0, glu- 
tamic acid 1.1, aspartic acid 1.0, glycine 1.0, lysine 1.0, cystine 
1.0, and ammonia 3.1. 

For elementary analysis, the material was dried at 100° over 
P.O; ina vacuum for 8 hours witha loss in weight of 13%. The 
analysis indicated that the dried material was the free base. 


C, 3H 67O 1 oN 13592 


Calculated: C 50.52, H 6.61, N 17.82 
Found: C 50.46, H 6.77, N 17.50 
la]? —25° (c 0.4 in N acetic acid) 


SUMMARY 


Lysine-vasotocin, an analogue of the posterior pituitary hor- 
mones containing the ring of oxytocin and the side chain of ly- 
sine-vasopressin, has been synthesized from the appropriately 
protected nonapeptide intermediate by reduction with sodium 
in liquid ammonia and oxidation by aeration to the 20-membered 
disulfide ring. The required intermediate was prepared from 
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L-glutaminy]-L-asparaginy] - S - benzyl -L-cysteinyl - L-prolyl-Ne. 
tosyl-L-lysylglycinamide by the stepwise attachment of L-iso. 
leucine, L-tyrosine, and 
with the use of the nitrophenyl ester method. The pressor 
activity of lysine-vasotocin was found to be approximately 


one-half that of lysine-vasopressin. 


The avian depressor ae. 


tivity was found to be less than one-half that of oxytocin but 
more than 4 times that of lysine-vasopressin. 
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Pihl and Fritzson (1) reported that B-alanine was rapidly 
metabolized by the rat to acetic acid and carbon dioxide. Sub- 
sequent studies from several laboratories provided evidence for 
the presence of a transamination reaction between @-alanine 
and glutamic acid in mammalian tissues (2-4) and in Aspergillus 
(5). The exact biochemical mechanism by which #-alanine is 
metabolized, however, is yet to be elucidated. 

The present paper describes the purification and properties 
of a new transaminase obtained from cells of Pseudomonas flu- 
orescens grown with @-alanine as a major carbon and nitrogen 
source. This enzyme catalyzes transamination of @-alanine 
with pyruvate, resulting in the formation of stoichiometric 
quantities of malonic semialdehyde and L-a-alanine (Reaction 1). 


8-Alanine + pyruvie acid @ 
Malonic semialdehyde + L-a-alanine (1) 


Malonie semialdehyde thus produced is further metabolized 
through oxidative decarboxylation to acetyl coenzyme A and 
carbon dioxide in the presence of coenzyme A and diphospho- 
pyridine nucleotide (Reaction 2). 


Maloniec semialdehyde + CoA + DPN* — 
Acetyl-CoA + CO: + DPNH + H* (2) 


The enzymes which catalyze Reactions 1 and 2 will be re- 
ferred to as G-alanine-a-alanine transaminase and malonic semi- 
aldehyde oxidative decarboxylase, respectively. While the 
present paper was in preparation, Yamada and Jakoby (6, 7) 
described an enzyme which was similar to our second enzyme 
and was obtained from another strain of P. fluorescens grown 
with acetylenemonocarboxylic acid as a major carbon source. 
Preliminary reports of this work were published previously 
(8, 9). 


EXPERIMENTAL PROCEDURE 


Chemicals—Malonic semialdehyde was prepared by acid hy- 
drolysis of 6 ,@’-diethoxypropionic acid. The potassium salt of 
the latter compound was prepared by alkaline hydrolysis of the 
ethylacetal of malonic semialdehyde ethyl ester (boiling point, 
95° at 16 mm Hg), which was prepared from ethyl formate and 
ethyl acetate according to the method of Sugasawa (10). The 
salt was purified by recrystallization from ethanol and ether. 


* This investigation has been supported in part by research 
grants from the National Institutes of Health (C-4222), the Rocke- 
feller Foundation, the Jane Coffin Childs Memorial Fund for Med- 
leal Research, and Scientific Research Fund of Ministry of Educa- 
tion of Japan. 

_t Present address, Department of Physiological Chemistry and 
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An approximately 1° solution of diethoxypropionate was 
brought to pH 2 with 2 nN H.SO,; and was kept at 45° for 30 
minutes. The solution was then brought to pH 6.0 with 2 n 
KOH and was diluted with 2.5 volumes of cold water. The 
final concentration was approximately 0.01 m with respect to 
malonic semialdehyde. The yield from diethoxypropionic acid 
in several runs was no less than 70%. The aldehyde was un- 
stable and deteriorated rapidly during storage; about 35% was 
lost at 4° in 40 hours as assayed by the enzymatic procedure, 
which will be described below. 

Malonyl-CoA was synthesized from malonylmonothiophenyl1 
ester according to the procedure of Vagelos (11) and was purified 
by paper chromatography on a Whatman No. 3 filter paper 
with a mixture of ethanol and 0.1 mM potassium acetate buffer, 
pH 4.5 (1:1) (12). Malonylmonothiopheny] ester was prepared 
by the general procedure of Wieland and Koeppe (13) from 
malonylmonochloride. ‘The acid chloride was synthesized by a 
slight modification of the method described by Staudinger and 
Ott (14). The preparation of malonyl-CoA thus obtained was 
shown to serve as substrate in the malonate decarboxylase sys- 
tem (15) without any addition of ATP or CoA. The amount 
of evolved COz was quantitatively matched by the thiol ester 
content of the preparation as determined by the hydroxamic 
acid assay (16). Acetyl-CoA was prepared according to the 
method of Simon and Shemin (17). 

Succinic semialdehyde was prepared from 2-formylsuccinic 
diethyl ester as described by Bessman et al. (18). The latter 
compound was synthesized according to the method of Wis- 
celinus et al. (19). 2,4-Diaminobutyrate was kindly provided 
by Dr. 8S. Akabori, and aminomalonate and ketomalonate were 
gifts of Dr. K. Shimura. The authors are indebted to Dr. A. 
Meister for generous samples of 6-aminovalerate, e-aminoca- 
proate, DL-a-aminoadipate, pL-norvaline, pL-isoleucine, DL-nor- 
leucine, and a-ketoisocaproate. a-Ketobutyrate and a-keto- 
caproate were kindly donated by Dr. T. Suzuki. 8-Alanine-1-C™ 
and pyruvic acid-1-C™ were purchased from the Nuclear- 
Chicago Corporation. Other amino acids and keto acids, pyri- 
doxine derivatives, aldehydes, DPN, TPN, CoA, glutathione 
and other sulfhydryl compounds, and protamine sulfate were 
obtained from commercial sources. 

Biological Materials—Pseudomonas fluorescens (ATCC 11250) 
was used as the source of the enzymes. The organism was 
subcultured monthly on an agar slant containing 3 g of 8-alanine, 
1 g of Difco yeast extract, 0.2 g of MgCle, 1.5 g of KexHPO,, 0.5 
g of KH2POx,, and 20 g of Difco agar per liter of tap water. The 
cells were grown in a liquid medium of the same composition 
with the omission of agar. Inoculation was carried out by 
transferring the cells from a slant to 1 liter of the medium. The 
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bacteria were grown at 22° for approximately 17 hours with 
moderate mechanical shaking and then transferred to 10 liters 
of the same medium. Further growth was allowed to take 
place at 22° for 10 hours with vigorous aeration. The cells were 
then harvested with the aid of a Sharples centrifuge and washed 
twice with 0.85% NaCl solution. The yield of wet packed cells 
was about 3 g per liter of the medium. 

Crystalline heart muscle lactic dehydrogenase, crystalline 
yeast alcohol dehydrogenase, and rabbit muscle aldolase were 
obtained from Sigma Chemical Company. pb-Amino acid oxi- 
dase was prepared from pig kidney according to the procedure 
described by Negelein and Broemel (20). p-Nitroaniline acetyl- 
ating enzyme was prepared from pigeon liver according to the 
procedure described by Tabor eé al. (21). 

Enzyme Assay—tThe activity of S8-alanine-a-alanine trans- 
aminase was routinely assayed by measuring the formation of 
malonic semialdehyde with a colorimetric procedure which was 
based on the coupling reaction of malonic semialdehyde with 
diazotized p-nitroaniline. The diazo reagent was prepared im- 
mediately before use by the addition of 3.0 ml of 0.46% NaNO» 
to 20.0 ml of 0.05% p-nitroaniline in 0.05 x HCl. The colorless 
solution of the diazonium salt was chilled in an ice bath and 
7.0 ml of 0.2 m sodium acetate’were added (22). The standard 
assay system contained 20 uwmoles of 6-alanine, 20 uwmoles of 
sodium pyruvate, 100 uwmoles of potassium phosphate buffer, 
pH 8.0, and the enzyme in a final volume of 1.0 ml. Incubation 
was carried out for 15 minutes at 35°, and the reaction was 
stopped by the addition of 0.2 ml of 20% trichloroacetic acid. 
After centrifugation, a 0.6 ml aliquot of the supernatant solution 
was transferred into a glass-stoppered 10-ml tube, and pH was 
adjusted to 5.2 by the addition of 0.4 ml of 1 m acetate buffer, 
pH 5.8. Subsequently, 3.0 ml of freshly prepared diazo reagent 
were added and the color developed for 30 minutes at 35°. The 
coupling reaction was stopped by the addition of 1.0 ml of 5 nN 
HCl, and the formazan formed was extracted by shaking with 
5.0 ml of ethyl acetate. The optical density of the ethyl] acetate 
layer was determined at 440 my in a cuvette with a 1-cm light 
path on a Beckman model DU spectrophotometer. The optical 
density produced by 1.0 umole of malonic semialdehyde per 
0.6 ml of a sample was 3.70 under the above conditions. 

One unit of enzyme was defined as the amount which produced 
1 umole of malonic semialdehyde per minute under the standard 
assay conditions. Specific activity was expressed as units per 
milligram of protein. When 0.001 to 0.030 unit of enzyme was 
employed, the formation of malonic semialdehyde was essentially 
linear with time for 30 minutes, and the amount of malonic semi- 
aldehyde produced was directly proportional to the quantity of 
enzyme. 

The activity of malonic semialdehyde oxidative decarboxylase 
was assayed as follows. The incubation mixture contained 0.5 
umole of malonic semialdehyde, 1.5 uwmoles of DPN, 0.2 umole 
of CoA, 100 wmoles of 2-mercaptoethanol, 50 uwmoles of Tris 
buffer, pH 8.5, and 0.001 to 0.010 unit of the decarboxylase, in 
a final volume of 1.0 ml. All the ingredients except malonic 
semialdehyde were incubated at 23° for 20 minutes, and then 
the reaction was started by the addition of the malonic semialde- 
hyde. The increase in absorbancy at 340 my due to the forma- 
tion of DPNH was followed spectrophotometrically at 23°. 


Absorbancy was determined at half minute intervals for 3 min- 


utes. 
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ing the formation of 1 uzmole of DPNH per minute in the stand- 
ard assay system at 23°. Specific activity was defined as units 
per milligram of protein. The change in absorbancy was linear 
with time and proportional to the amount of enzyme within the 
range of 0.06 per minute under these conditions. 

Determinations—Malonic semialdehyde was determined man- 
ometrically by decarboxylation with aniline citrate (23). It 
was also determined spectrophotometrically with malonic semi- 
aldehyde oxidative decarboxylase in the presence of CoA and 
DPN during the studies on the transaminase, and with a coupled 
enzyme system with 8-alanine-a-alanine transaminase and lactic 
dehydrogenase during the studies on the decarboxylase. It was 
further assayed as acetaldehyde, which was obtained from the 
acidified reaction mixture by steam distillation. Acetaldehyde 
was estimated by a colorimetric procedure with p-hydroxydi- 
phenyl (24), or as 2,4-dinitrophenylhydrazone, and _ spectro- 
photometrically with DPNH and crystalline yeast alcohol 
dehydrogenase (25). Pyruvic acid was determined spectrophoto- 
metrically with DPNH and crystalline heart muscle lactic de- 
hydrogenase (26). a-Alanine and @-alanine were determined 
colorimetrically with ninhydrin after separation by ion exchange 
chromatography with a Dowex 50 column (27). a@-Alanine was 
also determined microbiologically with Leuconostoc citrovorum 
8081 (28) and Henderson-Snell’s medium (29) which contained 
leucovorin (5-formyltetrahydrofolic acid). 

For the studies on the specificity of the purified transaminase 
with respect to amino donors, pyruvic acid-1-C™ and various 
amino acids were incubated together. A quantitative assay 
was carried out by measuring the formation of radioactive a- 
alanine, which was separated by high voltage paper electrophore- 
sis as described below. A spot of radioactive a-alanine enzy- 
matically formed was eluted with water and the radioactivity 
determined on an aliquot of the eluate. 

For the studies on the specificity of amino acceptors, 3-alanine- 
1-C'* was incubated with various keto acids. Radioactive 
malonic semialdehyde which was enzymatically formed as a 
result of the transamination reaction was decarboxylated by 
aniline citrate, and the radioactivity of COz was determined. 
These procedures were essentially the same as described pre- 
viously (30), except that aniline citrate was employed to catalyze 
the decarboxylation of malonic semialdehyde. 

The assay of the malonic semialdehyde oxidative decarboxyl- 
ase was also carried out in the same manner with carboxyl- 
labeled C'-malonic semialdehyde, which was generated from 
B-alanine-1-C™ by the transaminase. In order to minimize the 
nonenzymatic decomposition of malonic semialdehyde, 4 N 
H.SO, was used instead of 18 N H.SO, as in the original method, 
and the release of COz from the reaction mixture was allowed 
to proceed at 35° for 30 minutes. 

Acyl-CoA derivatives were determined by the method of 
Lipmann and Tuttle (16), and acetyl-CoA was also determined 
by the use of p-nitroaniline-acetylating enzyme from pigeon 
liver (21). The protein concentration was determined by the 
method of Lowry et al. (31), bovine serum albumin being used 
as a standard. All light absorption measurements were carried 
out with a Beckman model DU spectrophotometer. 

Paper Electrophoresis—The high voltage paper electrophoresis 
was carried out with pyridine-acetic acid buffer at pH 3.6, ac- 
cording to Ryle et al. (32), and n-hexane was employed as 4 


‘coolant. In a typical experiment, the reaction was stopped by 
One unit of enzyme activity was defined as that amount caus- , the addition of cold 4% HCIO,, and the precipitate removed 
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by centrifugation. The supernatant solution was neutralized 
with KOH. After removal of KClO, by centrifugation, an 
aliquot was placed as a narrow band along the center line of 
Whatman No. 3 paper (15 X 55 cm), the paper wetted with the 
buffer from both ends, blotted, and a potential of 2000 volts 
applied across the paper for 30 to 40 minutes, depending upon 
the degree of separation required. A steady voltage of 2000 
volts gave satisfactory separation in most cases. 

Paper Chromatography—Ascending paper chromatography 
was carried out for the identification of reaction products with 
Whatman No. 1 or No. 3 filter paper, as described below. 


RESULTS 
B-Alanine-a-Alanine Transaminase 


Enzyme Purification—All subsequent operations were carried 
out in the cold and fractions were stored at —20°. <A 40-g quan- 
tity of the cell paste was suspended in 120 ml of 0.02 Nn phos- 
phate buffer, pH 7.0. The suspension was subjected to the 
action of a Kubota 9-ke sonic oscillator for 7 minutes, followed 
by centrifugation in an International centrifuge for 20 minutes 
at 12,000 xX g. 

The extract (130 ml) was brought to pH 6.5 with 2 N acetic 
acid and warmed rapidly to 60° with continuous stirring. After 
this temperature was maintained for 15 minutes, the solution 
was cooled to 0° in an ice bath, and the resulting precipitate was 
removed by centrifugation at 12,000 x g for 20 minutes. 

The heated fraction (120 ml) was diluted to 360 ml with cold 
distilled water and 200 ml of alumina Cy gel (20 mg dry weight 
per ml) were added with stirring. After about 15 minutes, the 
gel was collected by centrifugation and washed twice with 100 
ml of cold distilled water and with 100 ml of 5 x 10-3 m phos- 
phate buffer, pH 8.0. Then the enzyme was eluted twice from 
the gel, each time with 50 ml of 0.05 m phosphate buffer, pH 
8.0, and both eluates were combined. 

The combined gel eluates (94 ml) were adjusted to pH 7.0 
with 2 N acetic acid, and 8 ml of a 0.2% protamine sulfate solu- 
tion, pH 7.0, were added with stirring. The resulting precipitate 
was removed by centrifugation. 

To 100 ml of the protamine supernatant solution, 24.5 g of 
ammonium sulfate were added. After approximately 30 min- 
utes, the resulting precipitate was removed by centrifugation, 
and 11.7 g of ammonium sulfate were added to the supernatant 
solution. After 30 minutes, the precipitate was collected by 
centrifugation, and was dissolved in 12 ml of 0.02 m phosphate 
buffer, pH 7.0. The solution was dialyzed for 6 hours against 
a large volume of the same buffer. 

The enzyme was purified about 80- to 150-fold with the over- 
all yield of 20 to 30% by the above procedure (Table I). Di- 
ethylaminoethyl cellulose column chromatography could be 
used to achieve further purification of the enzyme, and the 
specific activity could be increased about 2-fold by this pro- 
cedure. The enzyme could be stored for several weeks at —20° 
without significant loss of activity. 

Products of Reaction—G-alanine, 100 moles, was incubated 
with 100 umoles of sodium pyruvate, 500 umoles of potassium 
phosphate buffer, pH 8.0, and 2 units of the enzyme, in a final 
volume of 5.0 ml, at 35° for 20 minutes. The reaction mixture 
was treated with 2 ml of a saturated 2 ,4-dinitrophenylhydrazine 
solution (in N HCl), and the resulting hydrazones were extracted 
with 5 ml of ethyl acetate. The ethyl acetate layer was removed 
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TABLE [ 
Summary of enzyme purification 
Fraction Volume Per | Protein = Yield 
ml mg/ml % 
Crude extract......... 130 20.7 28.0 0.7 100 
Heat treatment....... 120 18.9 6.9 2.9 84 
Alumina Cy gel....... 94 11.6 1.1 10.5 40 
Protamine sulfate..... 100 10.7 0.6 17.1 39 
Ammonium sulfate.... 12 67.9 1.2 56.6 30 
5 pen 
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O 20 40 60 80 100 
TIME IN MINUTES 
Fic. 1. Decarboxylation of the reaction product with aniline 
citrate. The enzymatic reaction was carried out for 15 minutes 
under the standard assay conditions with 0.3 unit of enzyme. 
After the reaction was stopped by the addition of 0.2 ml of 20% 


trichloroacetic acid solution, 0.4 ml of aniline citrate solution 
was added (@——@). Control with boiled enzyme (A——A). 


and extracted with 3 ml of 0.1 m carbonate buffer, pH 10.7. The 
aqueous layer was then acidified cautiously with N sulfuric acid 
and was extracted once again with 0.5 ml of ethyl acetate. All 
the manipulations were carried out at 0° in order to avoid spon- 
taneous decarboxylation of the product. When an aliquot of 
the organic layer was subjected to paper chromatography, a 
new spot of phenylhydrazone was detected on paper with three 
different solvent systems. It was separated completely from 
the phenylhydrazone of pyruvic acid and was indistinguishable 
from that of an authentic sample of malonic semialdehyde. 
Rp, values of the hydrazones of malonic semialdehyde and pyruvic 
acid on Whatman No. 1 filter paper were as follows: with iso- 
propanol-isoamylalcohol-pyridine-water (20:4:1:5), 0.56 and 
0.45; with 0.1 m carbonate buffer. (pH 10.7)-n-butanol-ethanol 
(6:1:1, lower layer), 0.65 and 0.56; with 0.1 m carbonate buffer 
(pH 10.7)-isoamylalcohol-ethanol (2:5:1, upper layer), 0.31 and 
0.13, respectively. 

Further evidence for the identity of malonic semialdehyde 
was provided by quantitative decarboxylation with aniline 
citrate (Fig. 1), and by quantitative formation of acetaldehyde 
upon steam distillation from the acidified reaction mixture, as 
shown in Table II. Acetaldehyde was identified as 2,4-dinitro- 
phenylhydrazone which melted at 147°. 

a-Alanine was isolated from the reaction mixture with Dowex 
50 ion exchange chromatography, and was identified by paper 
chromatography with five different solvent systems. Ry», values 
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of a-alanine and @-alanine on Whatman No. 1 filter paper were 
as follows; with phenol-water (8:2), 0.52 and 0.62; with isopro- 
panol-water (8:2), 0.33 and 0.25; with n-butanol-acetic acid- 
water (4:2:3), 0.27 and 0.33; with ethanol-ammonia-water 
(18:1:1), 0.23 and 0.11; with n-butanol-pyridine-water (1:1:1), 
0.43 and 0.34, respectively. 

a-Alanine was further identified by the use of microbiological 
assay. As can be seen in Fig. 2, a-alanine was separated from 


TABLE II 


Quantitative formation of acetaldehyde on steam distillation from 
acidified reaction mixture 


The complete reaction mixture contained initially 8-alanine, 
100 wmoles; sodium pyruvate, 100 uwmoles; potassium phosphate 
buffer, pH 8.0, 500 umoles; and approximately 2 units of the trans- 
aminase in a final volume of 5.0 ml. Incubation was carried out 
at 35° for 15 minutes, and the reaction was stopped by the addi- 
tion of 0.5 ml of 3 N H2SO,4. Decarboxylation was assayed mano- 
metrically on an aliquot of the solution, and another aliquot was 
used for steam distillation. 


CO2 Acetaldehyde 
System 
‘Aniline citrate | p-Hydroxydi- Enzymatic 
| assay phenyl assay amen assay 
umoles pmoles pmoles 
29.0 31.5 | 32.5 
Zero time............, —0.5 0 0 
Complete with boiled | | 
enzyme*...........| 0 | +0.2 0 
Complete minus 8- | | | 
Complete minus py- | | | 
ruvie acid......... | —0.1 | 0 _ 
* Heated in a boiling water for 10 minutes. 
3 al 


pH 342 pH 6.70 


| 


T 


MICROMOLES PER TUBE 


TUBE NUMBER 


Fic. 2. Chromatographic separation of the reaction products. 
The reaction mixture contained B-alanine, 80 uwmoles; sodium 
pyruvate, 80 uwmoles; potassium phosphate buffer, pH 8.0, 400 
umoles; and approximately 1.0 unit of enzyme, in a final volume 
of 4.0 ml. After 15 minutes at 35°, the reaction was stopped by 
the addition of 0.4 ml of 10% HClO,, and denatured protein was 
removed by centrifugation. After neutralization of the solution 
with 2 n KOH, a 2.0 ml aliquot of the supernatant solution was 
chromatographed on a Dowex 50-X 8 column (200 to 300 mesh, 
1 X 15cm). The volume of the fractions was 5 ml. The bars 
represent the color intensity of amino acids with ninhydrin assay. 
The shadow line shows the area with microbiological activity as 
a-alanine. 
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TaBLeE III 
Stoichiometry of reaction 
The conditions are described in the text. 


a-Alanine Malonic semialdehyde 
System | 
Ninhy- Enzy- | Ninhy-| p-Nitro-| Anili 
dele | matic | dein | | | 
assay | assay | assay | y assay | assay | assay 
moles umoles pmoles 
Complete........ ~—15.0 —16.0 +16.5/+16.3 +16.8/+15.0 +16.7 
Complete minus ae | 
B-alanine....... —0.2 O 0 | +0.2 —0.4 
Complete minus 
pyruvate....... +0.3 0 0 | +0.2 —0.1 
Complete with 
boiled enzyme*.| —0.8 —0.3 0 0 |+0.5 0 


* Heated in a boiling water bath for 10 minutes. 
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Fig. 3. Rate of the reaction was a function of pH. The activity 
was measured colorimetrically under standard assay conditions 
using 0.1 m buffers at various pH values. Potassium phosphate 
buffer was used between pH 6.6 and 8.2, Tris buffer in the range 
of 7.2 to 9.0, borate buffer in the range of 9.0 to 10.0, and carbonate 
buffer in the range of 9.0 to 11.0. 


G-alanine by ion exchange chromatography on a Dowex 50 
column. Quantitative results with the microbiological assay 
were in good agreement with those obtained by a ninhydrin 
assay method. Inasmuch as the a-alanine formed in the enzy- 
matic system did not serve as a substrate for p-amino acid oxidase 
from pig kidney, it was assumed to have the L-configuration. 

Stoichiometry of Reaction—The complete reaction mixture 
initially contained 90 umoles of B-alanine, 80 umoles of sodium 
pyruvate, 600 umoles of potassium phosphate buffer, pH 8.0, 
and 0.5 unit of the enzyme in a final volume of 6.0 ml. The 
reaction was carried out at 35° for 40 minutes, and was stopped 
by the addition of 1 ml of 10% HClO, The supernatant solu- 
tion was analyzed by the methods described above. As shown 
in Table III, the appearance of malonic semialdehyde and a- 
alanine was matched by the disappearance of @-alanine and 
pyruvic acid. 

Effect of pH—The effect of pH on the activity of the trans- 
aminase is shown in Fig. 3. The optimal pH of 9.2 was found 
in Tris and carbonate buffers. However, potassium phosphate 
buffer, pH 8.0, was used for the standard assay, since carbonate 
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buffer would disturb the assay of malonic semialdehyde with 
aniline citrate, and because buffers containing amino groups 
reacted with malonic semialdehyde and obscured the assay. 
Malonic semialdehyde appeared to polymerize nonenzymatically 
and also condensed with 8-alanine above pH 9.0. 

Effect of Substrate Concentration—The enzyme had relatively 
large K,, values (Michaelis constant) for the substrates. The 
rates of transamination as a function of the concentration of 
one of the substrates, in the presence of an excess of the other, 
are presented in Figs. 4 and 5. The A» values for G-alanine 


and for pyruvic acid, as calculated from the Lineweaver-Burk 


plot (33), were approximately 6.2 x 10-? and 1.4 xX 10°? M, 
respectively. 

Cofactor Requirement—In order to demonstrate the cofactor 
requirement of the enzyme, the purified enzyme preparation 
was dialyzed for 12 hours against 0.02 m potassium phosphate 
buffer, pH 8.0, containing 0.003 m hydroxylamine, followed by 
dialysis against a large volume of the same buffer without hy- 
droxylamine for several hours to remove the latter from the 
enzyme solution. When such a dialyzed enzyme preparation 
was used, marked stimulation of the rate of the transamination 
reaction was demonstrated in the presence of pyrioxal phos- 
phate. Practically no malonic semialdehyde formation was ob- 
served when pyridoxal phosphate was omitted from the reac- 
tion mixture. Preincubation of the enzyme with pyridoxal 
phosphate for approximately 15 minutes was required in order 
to obtain maximal initial velocity. The affinity of pyridoxal 
phosphate for the enzyme protein appeared to be relatively 
high, and maximal velocity was attained with approximately 
5 X 10-5 m with such a treated enzyme solution. It was also 
noteworthy that pyridoxamine phosphate showed about one- 
fifth of the activity as compared with that of pyridoxal phos- 
phate, but the effect of pyridoxamine phosphate appeared to 
increase with the time of prior incubation. Neither pyridoxal, 
pyridoxamine, nor pyridoxine could restore the activity of the 
treated enzyme preparation as shown in Table IV. The resolved 
enzyme was unstable and was rapidly inactive even stored at 
—20°. 

Reversibility of Reaction—When malonic semialdehyde and 
L-a-alanine were incubated with the transaminase, DPNH, and 
crystalline heart muscle lactic dehydrogenase in potassium phos- 
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Fig. 4. Effects of varying concentrations (S) of 6-alanine on 
the rate (V) of the transamination reaction. The activity was 
determined colorimetrically by the standard assay method, except 
that 6-alanine was added as indicated and 50 umoles of pyruvate 
were used. 
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Fig. 5. Effects of varying concentrations (S) of pyruvate on 
the rate (V) of the transamination reaction. The activity was 
measured colorimetrically by the standard assay method, except 
that pyruvate was added as indicated and 100 umoles of 8-alanine 
were used. 


TABLE IV 
Activation of resolved enzyme by derivatives of pyridoxine 


The activity was measured colorimetrically by the standard 
assay method with the derivatives of pyridoxine and the enzyme 
as indicated in a final volume of 1.0ml. Before the reaction was 
started by the addition of B-alanine, preincubation was carried 
out for 15 minutes at 35°. In Experiments 1 and 2, approximately 
1.0 ug of resolved enzyme and 0.15 ug of nonresolved enzyme were 
used, respectively. 


M 
1 None Resolved enzyme | 0.005 
Pyridoxal phosphate | | Resolved enzyme 0.500 
Pyridoxal phosphate | 10-5 | Resolved enzyme , 0.155 
Pyridoxal phosphate | 10-° | Resolved enzyme | 0.030 
Pyridoxamine phos-} 10-4 | Resolved enzyme | 0.165 
phate | 
Pyridoxamine phos- | 10-5 | Resolved enzyme 0.020 
phate 
Pyridoxal 10-4 | Resolved enzyme | 0.040 
Pyridoxamine 10-4 | Resolved enzyme | 0.020 
Pyridoxine 10~* | Resolved enzyme 0.050 
2 None Nonresolved en- 0.580 
zyme | 
Pyridoxal phosphate | 10-4 | Nonresolved en- | 0.585 
zyme 
3 Pyridoxal phosphate | 10-4 | None 0.015 


phate buffer, pH 8.0, a rapid decrease of absorption at 340 mu 
was observed, indicating the formation of pyruvic acid by the 
reverse reaction (Fig. 6). An aliquot of the above reaction 
mixture was chromatographed on paper, and the concomitant 
formation of @-alanine was demonstrated with five different 
solvent systems as described above. When the purified enzyme 
preparation free of racemase was employed, p-a-alanine did not 
replace L-a-alanine in the reverse reaction, although crude ex- 
tracts contained a significant activity of alanine racemase. 
Equilibrium of Reaction—The equilibrium constant had not 
been determined accurately, because upon prolonged incubation, 
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malonic semialdehyde tended to polymerize nonenzymatically 
and also condensed with 8-alanine to form an as yet unidentified 
yellow compound. At pH 8.0 and 35°, the equilibrium constant 
appeared to be about 5 in favor of the formation of a-alanine. 
Inhibitor Studies—The enzyme activity was inhibited by 
p-chloromercuribenzoate, at 1 xX 10-4 mM, to about 30% of the 
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Fic. 6. Reversibility of the transamination reaction. 
complete reaction mixture contained L-a-alanine, 10 wmoles; ma- 
lonic semialdehyde, 2 wmoles; potassium phosphate buffer, pH 
8.0, 150 umoles; DPNH, 0.7 umole; 5 wg of crystalline lactic de- 
hydrogenase; and 350 wg of the transaminase (Cy eluate) in a 


To 
TIME 
The 


final volume of 3.0 ml. The reaction was carried out at 22°. 
@——@. complete system; O——O, complete system without 
L-a-alanine, or without malonic semialdehyde, or L-a-alanine 


replaced by pD-a-alanine. 


TaBLe V 
Specificity of amino donors 
The reaction mixture contained 1 wmole of sodium pyruvate- 
1-C'4, 110,000 c.p.m.; amino acids as indicated, 20 uwmoles; potas- 
sium phosphate buffer, pH 8.0, 100 wmoles; and 0.01 unit of en- 
zyme, in a final volume of 1.0 ml. Incubation was carried out at 
35° for 15 minutes. 


c.p.m./tube % 
pL-a-Aminobutyric acid............ 150 3 
pL-8-Aminobutyric acid............ 5430 116 
+-Aminobutyric acid............... 5550 118 
6-Aminovaleric acid................ 800 17 
e-Aminocaproic acid............... 6300 134 
a-Aminoisobutyric acid............ | 190 4 
pL-6-Aminoisobutyric acid......... | 7550 160 
L-2,4-Diaminobutyric acid......... 1900 38 
| 40 1 
Aminomalonic acid................ | <10 
pL-Aminoadipic acid............... <20 
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TaBLeE VI 
Specificity of amino acceptors 
The reaction mixture contained 8-alanine-1-C", 1 umole, 26,009 
c.p.m.; keto acids as indicated, 30 wmoles; potassium phosphate 
buffer, pH 8.0, 100 umoles; and 0.05 unit of enzyme, in a final vol. 
ume of 1.0 ml. Incubation was carried out at 35° for 15 minutes. 


Radioactivity of 
Substrate malonic semialde- | Relative rates 

hyde formed 

c.p.m./tube % 
1450 17 
a-Ketobutyric acid. ........... 810 9 
a-Ketocaproic acid................. 500 6 
a-Ketoisocaproic acid.............. 300 4 
Ketomalonic acid.................. <10 
a-Ketoglutaric acid................ <20 
8-Ketoglutaric acid................ <20 
B-Ketoadipic acid.................. <10 


rate in buffer alone, suggesting that a free sulfhydryl group 
might be involved in this reaction. The activity was not af- 
fected by metal chelating agents, such as EDTA,! o-phenan- 
throline, and 8-hydroxyquinoline at 1 M. 

Substrate Specificity—The purified enzyme preparation also 
catalyzed transamination reaction between various other amino 
acids. Comparable activities towards several substrates in the 
crude and purified enzyme preparation indicated that these ac- 
tivities were being catalyzed by a single enzyme. From the 
isotopic studies, it appeared that monocarboxylic amino acids 
containing an amino group at the @-, y- or €-position could serve 
as efficient amino donors, whereas corresponding a-amino acids 
were poor substrates. Relative rates of several amino acids 
tested, pyruvic acid being used as an amino acceptor, are shown 
in Table V. Dicarboxylic amino acids, aromatic amino acids, 
hydroxy amino acids, methionine, and dipeptides, such as carno- 
sine and @-alanyl-pL-phenylalanine, were all inert as amino 
donors. 

On the other hand, pyruvic acid appeared to be a relatively 
specific amino acceptor. Relative rates of several keto acids 
tested, with @-alanine as an amino donor, are shown in Table 
VI. Dicarboxylic keto acids such as a-ketoglutaric acid, 8- 
ketoglutaric acid, ketomalonic acid, and 8-ketoadipic acid were 
all inert as amino acceptors. No transamination reaction was 
observed between a-alanine and dicarboxylic keto acids with 
the purified enzyme preparation. 


Further Metabolism of Malonic Semialdehyde 


When malonic semialdehyde was incubated with the crude 
extract, the presence of two metabolic pathways was observed. 
In the presence of DPNH, malonic semialdehyde was reduced 
to 8-hydroxypropionic acid by an enzyme similar to @-hydroxy- 
propionic acid dehydrogenase previously described by Den et al. 
(34) in the pig kidney. This activity appeared to be of constitu- 
tive nature.” 


1 The abbreviation used is: EDTA, the potassium salt of ethyl | 


enediaminetetraacetic acid. 
2M. Tatibana and O. Hayaishi, unpublished observation. 
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The other enzyme, which appeared to be an inducible enzyme, 
eatalyzed oxidative decarboxylation of malonic semialdehyde 
resulting in the formation of stoichiometric quantities of acetyl- 
CoA and CQ, in the presence of DPN and CoA. In the cells 
of this strain of Pseudomonas, the second pathway seemed to 
be predominantly operating, when they had been grown in the 
presence of 8-alanine as a major carbon source. 

Purification and Properties of Malonic Semialdehyde Oxidative 
Decarboxylase—The latter enzyme, which is referred to as ma- 
lonic semialdehyde oxidative decarboxylase, was purified about 
30-fold with the over-all yield of 40 to 50% by treatment with 
0.03 Mm MnCl, followed by ammonium sulfate fractionation 
(30 to 50% saturation), adsorption on calcium phosphate gel 
and elution, treatment with protamine sulfate (0.03%) and di- 
ethylaminoethy] cellulose column chromatography. ‘The specific 
activity of the purified enzyme preparation was about 3.87 and 
it was free from @-alanine-a-alanine transaminase, aldehyde 
dehydrogenase (35), CoA-linked aldehyde dehydrogenase (36), 
phosphotransacetylase (37), 8-hydroxypropionate dehydrogenase 
(34), and DPNH oxidase activity. The method of purification 
and the properties of the enzyme were essentially similar to those 
independently described by Yamada and Jakoby in the cells of 
another strain of Pseudomonas grown at the expense of acetyl- 
enemonocarboxylic acid, with the following exceptions. 

I. Stability of Enzyme—Crude extracts lost 20°; of their orig- 
inal activity when stored for 2 weeks at —15°. When heated 
at pH 7.0 for 3 minutes at 80°, all the activity was destroyed, 
and, after 3 minutes at 55°, approximately 50% remained. Puri- 
fied fractions seemed to be less stable, and, could be stored with 
least loss of activity at pH 7 and in the presence of 2-mercapto- 
ethanol (0.01 m or higher concentrations) at 2°. Although 
DPN (1 X 10-4M) also had a stabilizing effect, the effect was not 
additive to that of 2-mercaptoethanol (0.01 mM). When the 
enzyme preparation, which was fractionated with ammonium 
sulfate, was stored under the above conditions at a protein con- 
centration of 1 mg per ml, 10% of the activity was lost within 
2 days. However, dialysis against phosphate buffer (pH 7.0) 
for 4 hours at 4° resulted in the loss of about 80°% of the activity 
of the same fraction even in the presence of 2-mercaptoethanol. 
Freezing and thawing caused a total loss of the activity even in 
the presence of 0.01 mM 2-mercaptoethanol. 

Il. Effect of Preincubation—The enzymatic activity of crude 
extracts was not significantly affected by preincubation with 
various kinds of sulfhydryl compound. However, when partially 
purified enzyme preparations were used, considerable increase 
of activity was observed after preincubation in the presence of 
2-mercaptoethanol and DPN. The presence of malonic semi- 
aldehyde during this incubation did not appear to have any 
effect. Of the sulfhydryl compounds so far tested, 2-mercapto- 
ethanol and 2,3-dimercapto-l-propanol were both found to be 
about three times as effective as glutathione and cysteine. 

The relationship between the activity and the conditions of 
preincubation was found to be of a complex nature. Firstly, 
the activity was a function of the concentration of 2-mercapto- 
ethanol, when a fixed preincubation period (30 minutes) was 
used, as illustrated in Fig. 7. It can be seen that a fairly high 
concentration (about 0.1 mM) was necessary for a maximal activity 
under these conditions. Secondly, the activity varied with the 
period of preincubation, when 2-mercaptoethanol was used at a 


_ fixed concentration (Fig. 8). With 0.005 m 2-mercaptoethanol, 


60 minutes were still insufficient for a maximal activity, but 
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Fig. 7. Effects of varying concentrations of 2-mercaptoethanol 
on enzyme activity. The enzyme preparation had been stored for 
24 hours at 2° in 0.1 Mm potassium phosphate buffer (pH 7.0), in the 
presence of 2-mercaptoethanol (0.01 m) and DPN (1 X 10-4 m). 
Preincubation was for 30 minutes at 17°. Enzyme, 0.01 unit, was 
used. Standard assay conditions were employed except for 2- 
mercaptoethanol concentrations and preincubation periods. Ac- 
tivity was expressed as absorbancy change at 340 mu per minute. 


O IS 30 45 60 
PREINCUBATION TIME 
IN MINUTES 


Fic. 8. Effects of varying preincubation period on enzyme 
activity. One enzyme preparation (--—-—) had been stored for 24 
hours at 2° in potassium phosphate buffer alone (0.1 m, pH 7.0), 
and the other one (——) with 2-mercaptoethanol (0.01 m) and 
DPN (1 X 107‘ M) in the same buffer. Preincubation and assay 
work at 17°. 2-Mercaptoethanol concentrations, 0.005 m (O); 
0.1m (@). Standard assay conditions were employed except for 
a variation in preincubation period and 2-mercaptoethanol. Ac- 
tivity is expressed as absorbancy change at 340 mu per minute. 


when the mercaptan concentration was increased to 0.1 M, full 
activation was achieved in less than 20 minutes. In the third 
place, the preincubation period required for the maximal activity 
also varied with the purification stage of the enzyme or with 
the conditions under which the enzyme had been stored before 
assay. The role of 2-mercaptoethanol in this activation could 
not be replaced, even partially, by EDTA. 

III. Effect of pH—The enzyme was most active at pH 8.8, 
with DPN as hydrogen acceptor. With TPN, the pH optimum 
was between 5.5 and 6.0. Tris and phosphate buffer gave es- 
sentially the same activity, whereas borate buffer (0.05 m) com- 
pletely inhibited the decarboxylase activity. Requirement for 


_metal ions was not demonstrated. 


IV. Substrate Specificity—The enzyme appeared to be specific 
for malonic semialdehyde. Acetaldehyde, propionaldehyde, 


pi-glyceraldehyde, glycoaldehyde, glyoxylic acid, glyceralde- 
hyde-3-phosphate (generated from  fructose-1,6-diphosphate 
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with aldolase), and succinic semialdehyde did not serve as a 
substrate. 

In the oxidative decarboxylation reaction of malonic semi- 
aldehyde, either DPN or TPN could serve as a hydrogen ac- 
ceptor, and the ratio of their efficacy (DPN:TPN) was found 
to be relatively constant during the enzyme purification (be- 
tween 18 and 20), except the crude extracts (about 12). 

Product and Stoichiometry of Reaction—A reaction mixture 
containing 8.0 uwmoles of malonic semialdehyde, 10 uwmoles of 
DPN, 6 uwmoles of CoA, 15 uwmoles of reduced glutathione, 90 
umoles of Tris buffer, pH 8.5, and 200 ug of the decarboxylase 
in a final volume of 3.0 ml, was incubated for 30 minutes at 23°. 
When the reaction was stopped by the addition of 1.0 ml of a 
2 m neutral hydroxylamine solution, 3.6 wmoles of a hydroxamate 
derivative were produced. When it was extracted with acetone 
(15) and was chromatographed on paper according to Stadtman 
and Barker (38), only one spot was detected, which was indis- 
tinguishable from acetohydroxamate. Ry values of the acid 
on Whatman No. 3 filter paper were as follows; with water- 
saturated n-butanol, 0.53; with isoamylalcohol-formic acid-water 
(5:10:2), 045. The acetohydroxamate was also identified by 
high voltage paper electrophoresis. (Mobility of the hydroxa- 
mate was 1.2 cm to the cathode, at pH 6.5, 2000 volts, 40 min- 
utes.) In a similar set of experiments, acetyl-CoA formation 
was determined by the use of acetylating enzyme from pigeon 
liver with p-nitroaniline as an acetyl acceptor. Acetyl-p-nitro- 
aniline, 3.6 wmoles, was produced, and reduction of 3.2 wmoles 
of DPN with evolution of 3.7 umoles of CO, were observed with 
concomitant disappearance of 3.9 wmoles of malonic semialde- 
hyde. When either DPN or CoA was omitted from the reaction 
mixture, or when the enzyme preparation was heated in a boiling 
water bath for 3 minutes, neither acetyl-CoA nor CQO: were pro- 
duced. 

When malonic semialdehyde-carboxyl-C™', which was gen- 
erated from §-alanine-1-C'™ with pyruvate and @-alanine-a- 
alanine transaminase, was employed as the substrate, rapid 
liberation of radioactive CO. was observed as shown in Table 
VII. The evidence indicated that CO. was derived not from 
the B-carbon but from the carboxyl carbon of malonic semialde- 


TaBLe VII 


Enzymatic decarboxylation of carboxyl-labeled 
malonic semialdehyde 

The complete reaction mixture contained B-alanine-1-C', 0.48 
pmole (11,600 ¢.p.m.); sodium pyruvate, 10 wmoles; CoA, 0.2 
pmole; DPN, 1.5 wmoles; reduced glutathione, 5 wmoles; Tris 
buffer, pH 8.5, 50 wmoles; B-alanine-a-alanine transaminase, 0.5 
unit; and malonic semialdehyde oxidative decarboxylase, 0.02 
unit, in a final volume of 1.0 ml. Incubation was carried out at 
23° for 10 minutes. 


system Total ragiactivity| 0, 
c.p.m. mumoles 
Complete, zero time............... | 0 0 
Complete, with boiled dehydrogen- — 

8-Alanine transaminase omitted... 0 
75 | 3 
Pyruvate omitted.................. | 0 | 0 
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hyde. The slight radioactivity found in control experiments 
was due to nonenzymatic decomposition of malonic semialdehyde 
and possibly, in part, to evaporation in a vacuum of the aldehyde 
itself from the acidified mixture. Any radioactive intermediate 
other than COs:, was not detected by paper chromatography and 
paper electrophoresis. 

Role of Malonyl-CoA—When chemically synthesized malonyl. 
CoA, instead of malonic semialdehyde, was incubated in the 
reaction mixture described above, neither acetyl-CoA nor CO, 
was produced even after prolonged incubation. When a neutral 
hydroxylamine solution was added after the incubation, and the 
solution was subjected to paper chromatography as described 
above, only malonomonohydroxamate was recovered. Fp value 
on Whatman No. 3 filter paper was 0.37 with water-saturated 
n-butanol. Malonyl-CoA did not inhibit the decarboxylation 
of malonic semialdehyde as measured by the formation of DPNH 
or of acetyl-CoA. 

Further evidence against the participation of malonyl-CoA 
as free intermediate was provided by the following experiment, 
The enzymatic conversion of B-alanine-1-C™ (1.0 umole, 29,600 
c.p.m.) to acetyl-CoA and CQO: via malonic semialdehyde was 
allowed to proceed in a reaction system with G-alanine-a-alanine 
transaminase and malonic semialdehyde oxidative decarboxylase 
as described above. As an additional component, synthetic 
malonyl-CoA (1.2 umole) was included in the reaction mixture. 
The course of the reaction was followed spectrophotometrically 
by the enzymatic formation of DPNH. The reaction was 
stopped by the addition of hydroxylamine and the recovered 
malonomonohydroxamate was purified, upon addition of carrier 
malonomonohydroxamate (10 uwmoles), by paper chromatography 
and high voltage paper electrophoresis. _Malonomonohydroxa- 
mate was eluted and assayed for radioactivity. During the 
incubation, approximately 0.08 umole of malonic semialdehyde 
disappeared as judged by DPNH formation. If malonyl-CoA 
was a free intermediate, approximately 210 c.p.m. per umole 
should be obtained as the radioactivity of the isolated malono- 
monohydroxamate. However, essentially no radioactivity was 
detected in the hydroxamate fraction. 

Equilibrium and Reversibility of Reaction—In the presence of a 
limiting amount of malonic semialdehyde and a sufficient quan- 
tity of enzyme, the reaction proceeded to completion resulting 
in the formation of stoichiometric amounts of acetyl-CoA and 
DPNH. Attempts to reverse the reaction were unsuccessful. 
Neither formation of labeled @-alanine nor oxidation of DPNH 
was detected when the following mixture was incubated: 2 p- 
moles of acetyl-CoA, 1 umole of potassium carbonate-C" (320,000 
c.p.m.), 10 umoles of DPNH, 5 umoles of L-a-alanine, 50 umoles 
of potassium phosphate buffer, pH 7.0, and sufficient amounts 
of malonic semialdehyde oxidative decarboxylase and G-alanine- 
a-alanine transaminase. 


DISCUSSION 


Since the first discovery of glutamic-aspartic transaminase by 
Braunstein and Kritsman (39) in 1937, various transaminases 
have been reported in the literature. In most cases, one of the 
pair of reactants involved has been glutamate or aspartate or 
the corresponding keto acids, although evidence concerning the 
occurrence of transamination reactions not involving dicarboxylic 
acids has recently been accumulating. 

Rudman and Meister (40) described three types of trans- 
aminase in Escherichia coli. One of them uses only valine, - | 
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alanine, or a-aminobutyric acid and the corresponding keto acids. 
A transaminase from Brucella abortus reacts with alanine and 
leucine, but not with glutamic acid (41). These are noted for 
their failure to react with glutamic acid which is an active sub- 
strate with most transaminases. 

A new transaminase described in the present report is unique 
in that (a) none of the dicarboxylic amino or the corresponding 
keto acids serve as a substrate, (b) aliphatic amino acids, the 
amino group of which is not located in the a-position, are utilized 
as amino donors, whereas pyruvic acid appears to be a preferred 
amino acceptor. 

The present report also describes the oxidative decarboxylase 
which catalyzes the formation of acetyl-CoA and CQO. from 
malonic semialdehyde in the presence of CoA and DPN. These 
findings now complete the principal enzymatic sequence of B- 
alanine catabolism in this microorganism. 

A unique feature of the latter enzyme is the fact that ap- 
parently a single enzyme catalyzes simultaneously dehydro- 
genation and decarboxylation of malonic semialdehyde, resulting 
in the thioester formation of a CoA derivative. It is reasonable 
to assume three possible mechanisms for the conversion of the 
aldehyde into acetyl-CoA. An obvious possibility is the de- 
carboxylation of malonic semialdehyde to acetaldehyde, followed 
by a CoA-dependent aldehyde dehydrogenase reaction. The 
second possibility is that malonic semialdehyde is first converted 
to malonyl-CoA followed by decarboxylation to acetyl-CoA by 
malonate decarboxylase. The third possibility is a formation 
of malonyl semialdehyde-CoA followed by dehydrogenation and 
decarboxylation. However, it is clear from the evidence pre- 
sented in this paper and also from that reported by Yamada 
and Jakoby (7) that neither malonyl-CoA nor acetaldehyde 
serves as free intermediate in the decarboxylase reaction. The 
possibility of the participation of malonyl semialdehyde-CoA 
was clearly ruled out by the tracer experiment in which carbon 
atoms of acetyl-CoA were shown to be-derived from methylene 
and aldehyde carbon atoms of malonic semialdehyde and that 
CO. was derived from the carboxyl carbon. Although it was 
not possible to reach a conclusion with regard to the purity of 
the enzyme, there was no indication at present that the activity 
could be separable into more than one component throughout 
the entire purification procedure. 

It is interesting to note that the malonic semialdehyde oxida- 
tive decarboxylase reported by Yamada and Jakoby (7) ex- 
hibited similar properties, although some discrepancies were 
found in pH optimum, ratio of activity towards DPN and TPN, 
and conditions of preincubation required for maximal enzyme 
activity. The cause for these rather minor differences could 
be due to the difference of strains employed or due to the differ- 
ence in the growth conditions. 

In the cells of P. fluorescens grown in the presence of 8-alanine, 
8-hydroxypropionic dehydrogenase activity was also detected 
together with malonic semialdehyde oxidative decarboxylase. 
This finding suggested that the metabolic pathway of B-alanine 
in this organism diverged into two pathways at malonic semi- 
aldehyde, one leading to the formation of acetyl-CoA upon oxi- 
dation, and the other to the formation of B-hydroxypropionic 
acid upon reduction. 

Malonic semialdehyde has recently been described in several 
biological systems. Coon et al. (3, 34) reported the formation 
of malonic semialdehyde from 8-hydroxypropionate by pig 
kidney extracts and its conversion to B-alanine in the presence 
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of glutamate. Acetylene was reported to be a precursor of 
malonic semialdehyde in Pseudomonas (7), and 8-hydroxypro- 
pionyl-CoA was converted to the CoA ester of malonic semi- 
aldehyde in extracts of Clostridium kluyverit (42). These 
findings, together with the ready reversibility of the B-alanine-a- 
alanine transamination reaction described in this paper, make 
it plausible to suggest that the reverse reaction of the trans- 
amination reaction may be the common biosynthetic mechanism 
of G-alanine in animal and microbial systems. 

In order to investigate the biological origin of @-alanine in 
muscle, a search for a similar enzyme system in animal tissues 
has been carried out. Preliminary evidence indicates that such 
a transaminase exists in brain, liver, and kidney of rats, mice, 
guinea pigs, rabbits, and calves, but was negligible in cardiac 
and striated muscle.* In confirmation with previous studies 
(3, 4), animal enzymes appear to react with a-ketoglutarate in 
addition to pyruvate. Evidence was also obtained that liver, 
kidney and brain contained an enzyme activity which decar- 
boxylated malonic semialdehyde,‘ but the precise nature of the 
enzymes in animal tissues remains to be elucidated. If the 
transamination and the decarboxylation took place by the same 
mechanism as in the pseudomonad, these reactions would account 
for the previous observations made by Pihl and Fritzson (1) 
that when 6-alanine was administered to rats, its carboxyl] carbon 
was the first to be expired as COs. 


SUMMARY 


1. A new transaminase was isolated from 8-alanine-adapted 
cells of Pseudomonas fluorescens. The enzyme was _ purified 
about 80- to 150-fold by heat treatment, adsorption on alumina 
Cy gel, and elution, followed by protamine treatment and am- 
monium sulfate fractionation. 

2. The transaminase had its optimal pH at 9.2 and required 
pyridoxal phosphate as a coenzyme. 

3. When §-alanine and pyruvic acid were used as substrates, 
stoichiometric quantities of malonic semialdehyde and L-a- 
alanine were produced. The reaction was reversible. 

4. In addition to §-alanine various monocarboxylic amino 
acids containing 8-, y-, or €-amino group could serve as an ef- 
ficient amino donor. Pyruvie acid appeared to be relatively 
specific as an amino acceptor. Dicarboxylic amino or keto 
acids were all inert. ° 

5. An enzyme, which catalyzed the conversion of malonic 
semialdehyde to acetyl coenzyme A and CO:z in the presence of 
coenzyme A and diphosphopyridine nucleotide, was also isolated 
and purified from the same organism. 

6. The activity of a partially purified enzyme preparation 
was increased by nearly 10-fold when a prior incubation was 
carried out in the presence of 2-mercaptoethanol and diphos- 
phopyridine nucleotide. A concentration, as high as 0.1 m of 
2-mercaptoethanol was required for the maximal activity. 

7. The latter enzyme required diphospho- or triphosphopyri- 
dine nucleotide and coenzyme A as essential cofactors. With a 
purified enzyme preparation, diphosphopyridine nucleotide was 
18 to 20 times as effective as triphosphopyridine nucleotide. 

8. The conversion of malonic semialdehyde to acetyl coenzyme 
A and CO: could not be resolved into more than one step. There 
was no evidence for the participation of malonyl coenzyme A, 


3F. Kanetsuna and M. Takeshita, unpublished observation. 
4M. Tatibana, F. Kanetsuna, and O. Hayaishi, unpublished 
observation. 
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acetaldehyde, or malonyl semialdehyde coenzyme A as a free 
intermediate. Attempts to reverse the reaction were unsuccess- 
ful. 

9. The latter enzyme was rigidly specific for malonic semi- 
aldehyde. Other aldehydes tested, including succinic semi- 
aldehyde, were totally inert. 

10. A possible role of these enzymes in the biosynthesis of 
8-alanine is discussed. 
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Since the work of von Euler, Adler, Gunther, and Das (1), 
Olson and Anfinsen (2), and Strecker (3), it has generally been 
assumed that beef liver L-glutamic dehydrogenase is absolutely 
specific for a-ketoglutarate in the forward direction, and for 
L-glutamate in the reverse direction. Von Euler had indeed ob- 
served some activity with other substrates, but attributed this 
to impurities in the enzyme preparation (1). Bassler and Ham- 
mar (4) reported the reductive amination of a-ketovaleric acid 
by a preparation of crystalline glutamic dehydrogenase, but did 
not prove that this reaction was catalyzed by glutamic dehydro- 
genase itself. In a recent paper, Struck and Sizer (5) proved 
that L-leucine dehydrogenase activity and t-glutamic dehydro- 
genase activity cannot be separated from each other by any of a 
variety of methods of treating the enzyme preparation. 

Independent investigations, carried out in this laboratory at 
about the same time as the work of Struck and Sizer, also led to 
the conclusion that glutamic dehydrogenase is able to carry out 
the reversible oxidative deamination of a variety of L-amino 
acids, and further showed that the active enzymatic site was the 
same for these amino acids as for L-glutamate. A preliminary 
report of this work has been published (6). 

We present here more detailed evidence which supports these 
findings and specifically rules out the possibility of a Braunstein 
coupled ‘‘transdeaminase”’ mechanism. 


EXPERIMENTAL PROCEDURE 


Methods—Kinetic measurements were made as described in 
the previous paper in this series (7). 

Experiments such as those shown in Table I, in which the 
degree of substrate reduction was determined in the presence of 
limiting amounts of substrate, were carried out in the following 
manner. Two cuvettes, one containing the complete system, 
the other containing no substrate, were read alternately in a 
Cary model 11 recording spectrophotometer against a blank 
made up of neutral density screen filters of sufficient opacity to 
bring the recorder pen into range. The dynode voltage of the 
instrument had been adjusted to bring the slit width down to 
less than 0.4. The reaction was followed until the difference in 
optical density of the two cuvettes had reached a constant value 
(about 190 minutes). From this difference and the initial dif- 
ference of the two cuvettes, the wmoles of DPNH which had 
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disappeared in the reductive amination of the substrate were 
calculated. The probable error was calculated as 0.67 times the 
sum of the estimated individual errors of the various measure- 
ments. 

Pyruvate was determined by lactic dehydrogenase assays (8) 
on suitable aliquots of reaction mixtures which, after heating in 
a boiling water bath, had been deproteinized by centrifugation. 
Pyruvate determinations were also carried out by the 2, 4-dinitro- 
phenylhydrazone methods of Koepsell and Sharpe (9), of Tsao 
and Brown (10), and by the salicylaldehyde method of Straub 
(11). 

For the chromatographic identification of the products of the 
reverse reaction (a-keto acids), the reaction mixture was depro- 
teinized by the addition of 4 volumes of 10% trichloroacetic acid, 
followed by centrifugation. The 2,4-dinitrophenylhydrazone 
derivatives of the supernatant were prepared and purified by the 
procedure of Friedemann and Haugen (12). Final ethyl acetate 
concentrates of such derivatives of the reaction mixture, of the 
corresponding enzyme blank mixture, and of authentic samples 
of pyruvic acid and qa-ketoglutaric acid were subjected to de- 
scending paper chromatography on Whatman No. 1 paper. The 
solvent system consisted of n-butanol, ethanol, and 0.5 n NH,OH 
(70:10:20). 

For chromatographic identification of the products of the for- 
ward reaction, the deproteinized reaction mixtures, enzyme con- 
trols, and solutions of appropriate reference compounds were 
dried in a vacuum and desalted by the method of Dreze, Moore, 
and Bigwood (13). The ethanol extracts were then concentrated 
and subjected to descending chromatography on Whatman No. 
1 paper. The solvent system consisted of isopropanol, formic 
acid, and water (75:13:12). 

Materials—Sodium pyruvate was purchased from Nutritional 
Biochemicals Corporation, and was recrystallized by the method 
of Robertson (14), until paper chromatography, as described 
above, indicated that it was free of a-ketoglutarate. 

t-Alanine (Mann) was found by paper chromatography to be 
completely free of glutamic acid, and was therefore used without 
further purification. 

Where not specifically stated otherwise, “enzyme” refers to a 
solution prepared by dialysis of 5-ml portions of sodium sulfate 
suspensions of crystalline glutamic dehydrogenase obtained from 
Sigma Chemical Company against two changes (1 liter each) of 
0.2 m phosphate buffer, pH 7.6. Other compounds and prepara- 
tions have been described previously (7). 
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TABLE I 
Degree of pyruvate reduction 


The cuvette contained 2.5 umoles of DPNH;5 mmoles of NH,Cl; 
2.8 mg of glutamic dehydrogenase in a total volume of 3 ml. 
The reaction was carried out in 0.1 mM Tris buffer, pH 7.6. DPNH 
oxidation was calculated from the decrease in optical density at 
340 my corrected for the corresponding decrease in a blank cu- 
vette containing all components except pyruvate. A control 
cuvette containing all components except ammonium ion showed 
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TABLE II 
Stoichtometry of reverse reaction 


DPN reduction was followed by an increase in optical density 
at 340 mu. Pyruvate formation was determined by lactic dehy- 
drogenase assays. The reaction itself was carried out in 0.05 4 
glycine buffer, pH 9.0. Initially present were 80 umoles of L- 
alanine, 30 umoles of DPN, and 7.3 mg of enzyme in a total volume 
of 6 ml. A blank reaction mixture contained all components 
except L-alanine. The reaction time was 54 minutes. 


no measurable decrease in optical density at 340 mu measured 
against a DPNH blank. See text for experimental procedure. Experiment 1 Experiment 2 
Experiment 1 Experiment 2 moles umoles 
Pyruvate initially present Pyruvate formed. .............. 1.250 1.50 
0.20 + 0.01* | 0.200 + 0.01* 
DPNH oxidized (umoles)....... 0.18 + 0.01* | 0.202 + 0.01* 
Total time of reaction (min).... 215 54 such a possibility; under this condition, over 90% of the pyruvate 
Degree of pyruvate reduction was reduced. The absence of any enzymatic DPNH oxidation 
90 101 in the ammonium ion-free control described in Table I excludes 
the possibility of the reaction being caused by traces of lactic 
Peary ame. dehydr too small to have been observed in th id 
ydrogenase small to have been observed in the very rapi 
reaction of Fig. 1. The conclusion that stoichiometric pyruvate 
— ‘ reduction had occurred was confirmed by paper chromatography 
o7- ois of the reaction mixture. Similar experiments established the 
validity of a-ketobutyrate and a-ketovalerate as substrates for 
0.6F the enzyme.’ 
© osl- NH, Reverse Reaction—The stoichiometry of the reverse reaction is 
> added shown in Table II which demonstrates that the amount of DPN 
<= 0.4F reduced is equivalent to the amount of pyruvate formed, as 
measured by the lactic dehydrogenase reaction. Although lactic 
0.3+ 
A dehydrogenase is not specific for pyruvate, it reacts only very 
02+ slowly with a-ketoglutarate (15), and, in fact, shows no meas- 
- urable reaction at all under the conditions of the assay. Equiva- 
or lent, though less accurate, results were obtained by measurement 
ol of pyruvate formation by the 2,4-dinitrophenylhydrazine reac- 
° ae - — tion and by Straub’s salicylaldehyde reaction. Although no one 


Time in Minutes 


Fic. 1. The absolute requirement for NH,* for the reduction 
of pyruvate by TPNH and L-glutamic dehydrogenase. The reac- 
tion was run in 0.2 m phosphate buffer, pH 7.6. Initial concentra- 
tions were: TPNH, 1.383 X 1074 mM; pyruvate, 2.7 K 107? M; L- 
glutamic dehydrogenase, 1.6 mg per ml. Total volume was 3.0 
ml. Fifteen hundredths ml of 6 mM ammonium chloride was added 


at the time indicated. 


RESULTS AND DISCUSSION 


Forward Reaction—The reductive amination of pyruvate by 
glutamic dehydrogenase is demonstrated in Fig. 1.!_ It is appar- 
ent that the reaction has an absolute requirement for ammonium 
ion, and cannot be due to contamination of the enzyme prepara- 
tion by lactic dehydrogenase. 

Since the Michaelis constant for pyruvate (and for all active 
substrates other than a-ketoglutarate itself) is higher than that 
for the reduced coenzyme, it is necessary to use a large excess of 
substrate to obtain useful velocities. Under such conditions, 
contamination of an inactive compound by small amounts of 
a-ketoglutarate could provide the appearance of an active sub- 
strate with a correspondingly high Michaelis constant. Experi- 
ments with limiting amounts of pyruvate (Table I) eliminate 


1 Bassler and Hammar have published a similar figure for the 
reductive amination of a-ketovaleric acid by a glutamic dehy- 
drogenase preparation. 


of these methods is absolutely specific for pyruvate, only pyru- 
vate itself would give equivalent results with all of them. The 
identity of pyruvate as the reaction product was confirmed by 
paper chromatography of the 2,4-dinitrophenylhydrazones of 


2 Such experiments are a very necessary part of the proof that a 
given compound is actually a substrate for a particular enzyme. 
One commercial sample of L-alanine was found to serve as a sub- 
strate for glutamic dehydrogenase with a pH optimum of 8.25. 
No subsequent sample of this compound was active at this pH 
(although authentic L-alanine has activity at pH 9.5). The single 
sample that reacted at the lower pH was found to be homogeneous 
by paper chromatography in two different systems, and could be 
shown to contain no L-glutamic acid. 

As we will show in a later paper, dicarboxylic substrates for the 
reverse reaction have pH optima clustering closely about pH 8.3, 
whereas monocarboxylic substrates (including authentic L-alanine) 
have their optima close to pH 9.6. The impure sample of L- 
alanine showed a pH curve with a maximum at pH 8.15, which 
suggests that the impurity was a dicarboxylic amino acid. It 
has been pointed out (14a) that in a series of related compounds 
in solvents such as those used in this case, addition of a carboxyl 
group to a molecule decreases the Rr whereas additional carbon 
atoms and branched chains increase the Ry. Therefore, the 


contamination of a given sample of alanine by small amounts of 4 
dicarboxylic amino acid containing 5 to 7 carbon atoms, possibly 
branched, could escape detection by paper chromatography 
several solvents and exhibit the chromatographic behavior and 
pH dependence observed. 

acid or a-aminopimelic acid. 


It was not, however, a-aminoadipi¢ 
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the deproteinized reaction mixture, which gave two spots, Rr = 
0.36 and 0.37, identical with the two spots given by the same 
derivative of an authentic sample of pyruvate. No trace of 
a-ketoglutarate, Ry = 0.15, was found. 

p-Alanine was completely inactive in the system. 

Identity of Active Complex—It has been shown previously that 
the first step in the forward reaction is the combination of re- 
duced coenzyme and enzyme to form a complex, that this step 
is obligatory, and that the measured Michaelis constant of the 
reduced coenzyme is in fact the dissociation constant of that com- 
plex (6, 16). It follows, then, that if we are indeed dealing with 
a different substrate for glutamic dehydrogenase, the A, for 
TPNH should be the same whether the substrate is a-ketoglu- 
tarate or pyruvate. That this relationship holds true can be 
seen from Fig. 2. This is particularly striking when one con- 
siders that under these particular conditions the Vmax’s for the 
two substrates differ by 780-fold with no detectable difference 
in K, for TPNH. 


B 
Ay 
A 
| 
0 25 50 
| / (TPNH)(mM)~! 


Fic. 2. Reciprocal initial velocities versus reciprocal TPNH 
concentration for two different substrates. Concentration of 
ammonium chloride was 0.3 m. A, substrate was 5.56 X 107‘ m 
a-ketoglutarate. Initial velocities calculated on the basis of 6 X 
10-* mg per ml of glutamic dehydrogenase. (2.5 K 10-* mg per 
ml of albumin was also added.) B, substrate was 2.67 X 10-3 m 
pyruvate. Initial velocities calculated on the basis of 7 X 107? 
mg per ml of glutamic dehydrogenase. 


TABLE III 


Relative rates of reaction with DPNH and TPNH 
for two different substrates 

The reactions were run in 0.2 mM phosphate buffer, pH 7.41. 
Initial concentrations of components were: NH,Cl,0.15m; DPNH, 
1.33 X 10°* m; TPNH, 1.33 XK 10-4 M; pyruvate, 1.33 X 107? M; 
a-ketoglutarate, 1.33 X 10-3 Mm. ‘‘v’’ represents initial reaction 
velocities in arbitrary units corrected to a standard dilution of 
enzyme. Actual enzyme concentrations used were 50-fold more 
dilute for the a-ketoglutarate reactions. The right hand column 
expresses the ratio of initial velocities for the two coenzymes. 


Substrate Coenzyme Vv 
a-Ketoglutarate.......... DPNH 72.5 0.66 
a-Ketoglutarate.......... TPNH 47.7 
DPNH 0.370 0.91 


H. F. Fisher and L. L. McGregor 
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+ DPNH 


NH, {-Ketoglutorate Amino Acid 


:Transaminase } 


OPN L-Glutamate &— Keto Acid 


net reaction: NH4 + Keto Acid + DPNH === Amino Acid + DPN 


Fic. 3. The Braunstein coupled transdeamination scheme 


0.6 


0.4 


O. D.340 


0.2F 


cd | 2 3 4 


Time in Minutes 

Fic. 4. The influence of t-glutamate on the reductive amina- 
tion of pyruvate. The reactions were run in 0.2 m phosphate 
buffer, pH 7.6. Initial concentrations of components were: 
pyruvate, 2.67 X 10°? m; DPNH, 1.67 X 10-*m; ammonium chlor- 
ide, 0.56 mM; enzyme, 40 ug per ml. At times indicated by breaks in 
the curves, t-glutamate was added to the following final concen- 
trations: A, 6.7 X 10-5 B, 6.7 X 10-*m; C,3.3 10-*m. The 
dotted lines indicate the reaction rate before the addition of 
L-glutamate in each case. Initial optical densities are arbitrary. 


TaBLE IV 
Glutamate-pyruvate transaminase activity of enzyme preparation 


Each reaction mixture contained 100 umoles of a-ketoglutarate, 
100 umoles of L-alanine, and 7.3 mg of enzyme in a total volume of 
10.0 ml. Final glycine buffer concentration was 0.023 m, pH 9.0. 
The reaction was stopped at the time indicated and pyruvate 
analyses were carried out on aliquots, with the use of lactic de- 
hydrogenase assays. 


; Pp t | Theoretical Extent of 
Experiment No.| Time run formed 
min umole pmoles % 
1 63.0 0.01 41 0.02 
2 65.0 0.02 41 0.05 
3 0.5 0.01 41 0.02 


* See text. 


Coenzyme Specificity—Glutamic dehydrogenase is unusual, al- 
though not unique, in its ability to utilize both TPN and DPN 
at rates of the same order of magnitude (17). Table III shows 
that the reaction with pyruvate also proceeds almost as readily 
with TPNH as with DPNH. The increase in the relative rate 
of the pyruvate reaction with TPNH cannot be explained at 
present, but in light of the evidence presented above, the differ- 
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ence in relative rates is clearly an effect of the third phosphate 
group of the reduced pyridine nucleotide on some step of the 
reaction following the formation of the enzyme-reduced co- 
enzyme-ammonium complex.’ 

Various crystalline preparations from Sigma Chemical Com- 
pany and from Boehringer and Soehne gave identical results in 
all respects. 

Absence of Braunstein ‘“‘Transdeamination”’ System—The evi- 
dence cited above establishes, with a reasonable degree of cer- 
tainty, that the reaction with pyruvate is being catalyzed by 
L-glutamic dehydrogenase and cannot be accounted for by con- 
tamination of the enzyme with traces of lactic dehydrogenase, 
L-alanine dehydrogenase, L-amino acid oxidase, or a transaminase 
acting by itself. 

There remains, however, the possibility of the presence of the 
“amino acid dehydrogenase system” postulated by Braunstein 
(19, 20) and shown schematically in Fig. 3. This system, 
consisting of L-glutamic dehydrogenase, a glutamate-pyruvate 
transaminase, and a catalytic amount of either a-ketoglutaric 
acid or L-glutamic acid, would permit both the reductive amina- 
tion of pyruvic acid by TPNH or DPNH and the oxidative de- 
amination of L-alanine by TPN or DPN. Such a reaction would 
have the same stoichiometry as the equivalent reaction carried 
out directly by glutamic dehydrogenase alone as proposed here. 
Moreover, the evidence thus far cited does not distinguish be- 
tween these two mechanisms qualitatively, although the kinetics 
of the system make the Braunstein mechanism seem very un- 
likely. The following observations, however, would seem to rule 
out such a mechanism unequivocally. 

The addition of L-glutamate to the system caused no increase 
in the rate of reductive amination of pyruvate (Fig. 4). The 
slightly lower rate of reaction in the presence of glutamate is 
just what would be expected as a result of product inhibition. 

A more convincing and direct proof of the inability of the sys- 
tem to carry out the Braunstein reaction is shown in Table IV. 
As shown in Fig. 3, the Braunstein mechanism requires that the 
system carry out a very rapid transamination between L-alanine 
and a-ketoglutarate. It is apparent from Table IV that glu- 
tamic dehydrogenase preparations used in this work are com- 
pletely unable to carry out such a reaction under conditions in 


3 The assumption that A, for DPNH is the same for the reaction 
with pyruvate as substrate as for that with a-ketoglutarate as 
substrate, requires some justification. Although all of the facts 
underlying such an assumption have been presented earlier, they 
are collected here by way of summary. 

The A, for both TPNH and DPNH is a true dissociation con- 
stant, and is thus independent of not only the nature of the sub- 
strate, but even of its concentration. The kinetics of the reaction 
with either reduced coenzyme require an obligatory order of 
complex formation in which the first step is the formation of an 
enzyme-reduced coenzyme complex. This kinetic scheme has 
been supported by more direct evidence in the case of TPNH; 
such complete evidence is lacking for DPNH because of the dis- 
sociation of the enzyme molecule by that compound (18). Al- 
though this fact makes it impractical to determine the K, for 
DPNH with both substrates, there is a good deal of evidence for 
the assumption we have made, and none that contradicts that 
assumption. 
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which the rapid oxidative deamination of L-alanine has beep | 
demonstrated. We can, therefore, dismiss the possibility of the | 
Braunstein ‘‘transdeamination’”? mechanism occurring in this | 


system, and thereby complete our proof that L-glutamic dehy. 
drogenase from beef liver is capable of carrying out the revergj- 


ble oxidative deamination of L-alanine at the same site as the | 


reaction involving L-glutamic acid. 

The substrates acted upon by glutamic dehydrogenase are 
by no means limited to L-glutamate and tL-alanine, nor are the 
low reaction velocities observed for L-alanine and pyruvate, 
under the conditions used here to establish the validity of these 
two compounds as substrates for the enzyme, a measure of the 
ability of the enzyme to use other substrates effectively. We 
have established some 25 amino acids as active substrates for 
glutamic dehydrogenase; the maximal velocity for several of 
these compounds, measured at their pH optimum, is quite near 
that of L-glutamic acid itself. A detailed account of the speci- 
ficity of the enzyme will be described in a separate publication. 


SUMMARY 


It is proved that L-glutamic dehydrogenases from beef liver 
can catalyze the reversible oxidative deamination of L-alanine. 
In the forward direction, pyruvate is proved to react with the 
same enzyme-DPNH(or TPNH)-ammonium complex with 
which a-ketoglutarate reacts. 
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There is abundant clinical and physiological evidence to sug- 
gest an intimate role of the thyroid hormone in the regulation 
of protein metabolism. In man cretinism is usually associated 
with dwarfism (3), and thyroidectomy in immature animals re- 
sults in retarded growth which can be corrected by L-thyroxine 
administration (4, 5). In mature animals thyroid dysfunction is 
generally accompanied by changes in nitrogen metabolism as 
prominent and characteristic as those observed in oxidative and 
energy metabolism (3). 

A possible relationship between thyroxine and protein synthe- 
sis has been suggested by the studies of DuToit (6), who reported 
an increased rate of amino acid incorporation into protein in liver 
slices from rats pretreated in vivo with L-thyroxine. The present 
paper describes a similar stimulation of amino acid incorporation 
into protein in cell-free rat liver homogenates after the adminis- 
tration of L-thyroxine in vivo or its addition in vitro. A reduction 
in the rate of amino acid incorporation has been observed after 
thyroidectomy. Some characteristics of the thyroxine effect are 
described, and evidence is presented linking it to the mitochon- 
drial fraction and possibly to oxidative phosphorylation. 

EXPERIMENTAL PROCEDURE 
Materials 

Chemicals—The following compounds of the highest grade of 
purity available were purchased from commercial sources. AMP 
(Pabst Laboratories and Sigma Chemical Conpany); creatine 
phosphate (California Corporation for Biochemical Research and 
Sigma); a-ketoglutarate and succinate (California Corporation 
and Nutritional Biochemicals Corporation) ; pt-8-hydroxybutyr- 
ate (Nutritional Biochemicals); pi-leucine-1-C™ and pt-valine- 
1-C (Nuclear-Chicago Corporation) ; sodium t-thyroxine (Cal- 
ifornia Corporation, Sigma, and Nutritional Biochemicals). For 
many of the experiments L-thyroxine was recrystallized once or 
twice from dilute ethanol-water solutions of the commercial 
preparations; the effects observed with recrystallized L-thyroxine 
were at least as great and usually greater than those observed 
with the original commercial preparations. 

Tetraiodothyroacetic acid and sodium t-triiodothyronine were 
generously provided by Dr. A. E. Heming of the Smith, Kline 
and French Laboratories. p-Thyroxine was obtained similarly 


* Preliminary reports of portions of this work have been pre- 
sented (1, 2). 


from Dr. L. Ginger of Travenol Laboratories, Inc. and Dr. T. F. 
Macrae of Glaxo Laboratories, Ltd., Middlesex, England. Crys- 
talline creatine phosphokinase, prepared by the method of Kuby, 
Noda, and Lardy (7), was the gift of Dr. F. Friedberg. 

Animals—Sprague-Dawley male rats were used in all these 
studies. Animals weighing between 90 and 150 g were preferred 
and were used in the experiments on the effects of thyroxine and 
its analogues in vitro. For studies involving pretreatment pro- 
cedures in vivo, animals weighing between 70 and 100 g were 
selected, but they frequently attained weights up to 250 g by the 
end of the pretreatment schedule. The specific pretreatment 
procedures are described below. All animals were fed Purina 
laboratory chow ad libitum except for a 12- to 18-hour period im- 
mediately before they were killed, during which time they were 
deprived of food. 


Methods 


Preparation of Homogenates—Homogenates were prepared 
fresh for each experiment, and the homogenization procedures 
were performed in a room in which the temperature was main- 
tained at 4°. The rats were decapitated, and their livers were 
quickly removed and transferred to a 0.25 m sucrose solution 
previously cooled to 0°. When once chilled to that temperature, 
tissue fractions were maintained between 0° and 2° through all 
subsequent operations. The livers were wiped dry on absorbent 
paper, weighed, and homogenized in portions of 1 to 2 g; each 
portion was first minced with scissors and then homogenized in 5 
ml of 0.25 m sucrose per g of tissue by means of a motor-driven, 
loose-fitting, all-glass Potter-Elvehjem homogenizer. The mo- 
tor speed was the minimum required to prevent binding of the 
homogenizer pestle, and homogenization was continued for only 
about 35 seconds regardless of the degree of completeness. 

Fractionation and Reconstitution of Homogenates—Fractiona- 
tion of the crude homogenate was accomplished by modifications 
of the method of Schneider and Hogeboom (8). Three different 
procedures were followed according to the nature of the experi- 
ment; these will be referred to as Procedures A, B, and C. All 
centrifugations below 15,000 x g were performed in a Servall 
refrigerated centrifuge; for higher centrifugal forces a Spinco 
model L preparative ultracentrifuge was used. 

Procedure A: This procedure was used in most experiments. 
Intact cells, nuclei, and cell debris were removed from the crude 
homogenate by centrifugation for 10 minutes at 700 x g. The 
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TABLE I 


Effect of t-thyroxine pretreatment in vivo on DL-leucine-1-C'4 
incorporation into protein® 


The system contained the following components (in wmoles): 
sucrose, 150; AMP, 5; potassium phosphate buffer, pH 7.4, 20; 
MgCl.,5; potassium a-ketoglutarate, 50; pL-leucine-1-C' (specific 
activity 5.33 or 5.47 we/umole), 0.8. In addition, 0.45 ml of ho- 
mogenate prepared by Procedure A or 0.15 ml of each of the ho- 
mogenate fractions prepared by Procedure B was added. The 
reaction mixture was brought to a final volume of 1.7 ml with wa- 
ter. Incubation time at 37° was 60 minutes. Radioactivity 
measured with end window Geiger-Miieller counter. 


L-Thyroxine 
Control rats pretreated 
rats 


Assay Effects of pretreatment 


A ora 


+11.043.8° |+42 


¢.p.m. per mg of protein. 30.4+2.8 41 443.7 
mg of protein N per. 


2.2340.11 2.1240.30 —0.1140.30 


“ Rats were paired according to age and weight. One of each 
pair received almost daily intraperitoneal injections of 100 ug 
of sodium L-thyroxine in 1 ml of 0.01 ~ NaOH for 6 to 16 days 
(mean = 10 days); the other received equivalent amounts of the 
NaQOH solution alone. On the day after the last dose, liver ho- 
mogenates were prepared simultaneously from both animals, and 
pL-leucine-1-C!4-ineorporation activity in both preparations was 
assayed in a single combined experiment. The values presented 
are the means + standard errors of 8 such paired experiments; % 
represents the mean of the individual per cent effects. 

Statistically significant effect; p < 0.02 as determined by 
method of paired comparison. 


supernatant fluid was decanted and centrifuged at 54,000 x g 
for 60 minutes. The 54,000 « g supernatant fluid was detanted, 
and the combined mitochondrial and microsomal fractions con- 
tained in the sediment were resuspended in 0.25 M sucrose to a 
final volume of 1.4 ml per g of original liver weight. The final 
homogenate was reconstituted by mixing the mitochondrial- 
microsomal suspension and the 54,000 x g supernatant fluid in 
proportions of 2:1, respectively; its composition was such that 
0.45 ml, the aliquot added per flask, contained mitochondria and 
microsomes equivalent to the yield from 200 mg and supernatant 
fluid equivalent to the yield from 30 mg of liver. 

Procedure B: This procedure was followed in experiments re- 
quiring more complete separation of mitochondrial, microsomal, 
and supernatant fractions. After removal of the intact cells, 
cell debris, and nuclei as in Procedure A, the mitochondria were 
separated by centrifugation of the homogenate at 15,000 x g 
for 15 to 20 minutes. The 15,000 xX g supernatant fluid was 
then decanted and centrifuged for 60 minutes at 105,000 x g to 
remove the microsomes. The mitochondrial and microsomal 
fractions were each suspended separately in sufficient amounts of 
0.25 m sucrose to yield final volumes of 0.7 ml per g of original 
liver weight. When this procedure was used, 0.15 ml of each of 
the fractions, the mitochondrial suspension, the microsomal 
suspension, and the 105,000 x g supernatant fluid were added 
separately to each flask; their combined contents were approxi- 
mately equivalent to those of 0.45 ml of homogenate prepared by 
Procedure A. 

Procedure C: This procedure was used in experiments designed 
to test the requirement of mitochondria for the thyroxine effect 
in vitro. The crude homogenate was centrifuged for 15 minutes 
at 10,000 to 13,000 x g to remove intact cells, nuclei, cell debris, 
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and mitochondria. The sediment was discarded, and the super. 
natant fluid was centrifuged at 54,000 x g for 60 minutes ty 
separate the microsomes. These were then resuspended in 0,25 
M sucrose to a final volume of 0.7 ml per g of original liver weight, 
and the microsomal suspension and 54,000 X g supernatant fluid 
were mixed in equal proportions. 

While the 54,000 x g centrifugation was in progress, an addi. 
tional crude liver homogenate was prepared from another rat 
intact cells, cell debris, and nuclei were removed as in Procedure 
A and discarded. The remaining homogenate was centrifuged 
for 10 minutes at 8,000 x g to separate the mitochondria which 
were then resuspended in 0.25 m sucrose to a final volume of 07 
ml per g of original liver weight. Preparation of fresh mito. 
chondria from a second homogenate was necessary because no 
thyroxine effects in vitro on amino acid incorporation into protein 
could be obtained with mitochondria prepared from the first 
homogenate and allowed to remain isolated while the micro 
somes were being seperated. 

The composition of the two mixtures obtained by Procedure ( 
was such that 0.15 ml of the mitochondrial suspension and 0.30 m| 
of the microsomal-supernatant mixture contained amounts of 
their respective fractions approximately equivalent to those 
present in 0.45 ml of the combined mixture prepared by Proce- 
dure A. 

Incubation—Incubations were carried out in air in 25-m] Erlen- 
meyer flasks shaken at a rate of 92 oscillations per minute ina 
Dubnoff water bath maintained at a temperature of 37°. The 
components of the standard system are described in Table I. All 
solutions were prepared in glass-distilled water and were brought 


to pH 6.6 to 7.6 before addition. When added in vitro, thyroxine | 
solutions were prepared fresh for each experiment as described — 
in Fig. 1 and were added after the addition of homogenate but | 
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Fic. 1. Effects of various concentrations of L-thyroxine added 
in vitro on DuL-leucine-1-C! incorporation into protein. The as- 
say conditions were the same as those described in Table I, except 
that in addition, experimental flasks received appropriate amounts 
of sodium L-thyroxine dissolved in 0.1 ml of 0.01 n NaOH for final 
thyroxine concentrations of 1.3 & 10-4 M or less and in 0.3 ml of 
0.01 N or 0.1 ml of 0.04 N NaOH for higher concentrations. Con- 
trol flasks received equivalent amounts of NaOH. Homogenates 
were prepared by Procedure A. Incubation time at 37° was 2 
minutes. @——@, experimentally determined percentage of 
L-thyroxine effects; numbers adjacent to points represent num- 
ber of experiments from which mean and standard errors were 
calculated; thyroxine effeets at all concentrations were statisti 
cally significant (p < 0.02). O——O, theoretically calculated 
Mg** concentrations on basis of known additions of Mg** and L- 
thyroxine and assumption of the Mg*t+-thyroxine compound re- 
ported by Lardy (11) containing 3 thyroxine moieties per atom of. 
magnesium and having a solubility product of 1 X 10°". 
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before the addition of MgCle. Potassium a-ketoglutarate and 
pL-leucine-1-C' were added last, and incubation was begun im- 
mediately after addition of the latter. Flasks and solutions 
were kept in ice between all additions. The reaction was termi- 
nated by precipitation of the protein with an equal volume of 
12% trichloroacetic acid. 

Purification and Counting of Protein Samples—The precipitated 
protein samples were purified according to the procedure de- 
scribed by Siekevitz (9), homogenized in acetone, and plated by 
suction on metal-ringed filter-paper (Whatman No. 1) planchets. 
Sample weight was determined from difference in planchet 
weights before and after plating. Radioactivity was measured 
with an end window gas flow counter, except where expressly 
stated otherwise. Sufficient total counts were collected to ob- 
tain a 3% coefficient of variation after correction for background, 
and counting rates were corrected for self-absorption to infinite 
thinness. Corrections were also made for zero time control 
values obtained in separate flasks in which the reaction was termi- 
nated with the trichloroacetic acid immediately after the ad- 
dition of the radioactive amino acid; zero time values were almost 
always well below 1 c.p.m. per mg. 

Miscellaneous Methods—Protein nitrogen contents of the 
homogenates were determined by the micro-Kjeldahl technique. 


RESULTS 


Effect of t-Thyroxine Pretreatment in Vivo—In order to deter- 
mine the effects of hyperthyroidism on the rate of pi-leucine-1- 
C4 incorporation into protein, experiments were performed on 
matched pairs of control rats and rats made hyperthyroid by pre- 
treatment with L-thyroxine in vivo as described in Table I. From 
these results it can be seen that L-thyroxine pretreatment leads 
to an increased rate of amino acid incorporation into protein 
which cannot be attributed to a difference in the protein nitrogen 
contents of the two homogenates. 

Effects of Thyroidectomy—lf the observed effect of thyroxine 
administration to the animals represented a physiological action 
of the thyroid hormone, then hypothyroidism might be expected 
to result in a reduced rate of amino acid incorporation into pro- 
tein. To test this possibility, matched pairs of control and thy- 
roidectomized rats were prepared and studied as described in 
Table II. As can be seen from the results summarized in Table 
IJ, thyroidectomy resulted in a significant reduction in pL-leucine- 
1-C™ incorporation activity which could not be explained by any 
difference in the protein nitrogen contents of the homogenates. 

Effects of Various Concentrations of t-Thyroxine in Vitro—The 
addition of t-thyroxine directly to the flasks also resulted in ac- 
celerated rates of pi-leucine-1-C™ incorporation into protein.! 
In Fig. 1 are graphically summarized the effects of various con- 


' The additional C™ incorporated into protein as a result of the 
action of thyroxine appears to be almost wholly present in the 
form of carboxyl- or a-amino-bound leucine-1-C'. Treatment 
of the purified, precipitated protein with ninhydrin, alkali, or 
thioglycollic acid as described by Siekevitz (9) results in small 
decreases in the specific activities of the protein from both control 
and experimental flasks, but these decreases are proportionate, 
and the percentage thyroxine effects remain essentially un- 
changed. On the other hand, almost all the radioactivity present 
in acid hydrolysates of both types of protein is released as C“%O2 
by ninhydrin, retained by the cation exchange resin, Dowex, 50W- 
X8 (hydrogen form), and travels in a single peak with the same 
Rras the pi-leucine reference compound on Whatman No. 1 paper 
chromatograms developed in either of two solvent systems (n- 
butanol-acetic acid-water, 4:1:1, volume per volume, and 80% 
aqueous phenol). 
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TABLE II 
Effect of thyroidectomy on pt-leucine-1-C™ incorporation 
into protein* 
The conditions were the same as those described in Table I. 


Homogenates were prepared according to Procedure A. Incuba- 
tion time at 37° was 25 minutes. 
| 
Assay | Control rats or 
c¢.p.m. per mg of pro- | | 
29.4+3.4 20.143.4  -—9.343.8> —28 
mg of protein N_ per | | | 
2.2440.10 2.3340.12 +0.09+40.10 | 


“ Rats weighing less than 100 g were paired for age and weight; 
one of each pair was surgically thyroidectomized and the other 
subjected tosham operation. Paired rats were treated identically 
after operation until they were killed. Possible complications of 
the associated parathyroidectomy were avoided by either the oral 
administration of 0.6 mg of dihydrotachysterol every second day 
or the addition of 1 g of calcium lactate per 100 ml of drinking wa- 
ter during the first 2 postoperative weeks. Completeness of the 
thyroidectomy was evaluated by growth curves based on almost 
daily weight (10). Ina few instances, the presumably thyroidec- 
tomized rats failed to show the characteristic retardation of 
growth (4,5); they and their matched partners were then excluded 
from further study. Liver homogenates were prepared simul- 
taneously from matched rats 28 to 41days after operation (mean = 
32 days), and their pL-leucine-1-C!*-incorporation activities were 
assayed in paired flasks. The values presented are the means + 
standard errors of 8 such paired experiments; % represents the 
mean of the individual per cent effects. 

® Statistically significant effect; p < 0.05 as determined by 
method of paired comparison. 


centrations of L-thyroxine in experiments with normal rat liver 
homogenates. It can be seen that the thyroxine effect increases 
with increasing thyroxine concentrations, ranging from +3.5% 
at 1.3 107’ mM to +77% at 3.9 X 10-*m. It should be noted 
that these are average results; in more active preparations con- 
siderably greater effects have been observed at all concentrations 
within this range. At a concentration of 6.5 x 10-* M, the thy- 
roxine effect abruptly changes from stimulation to marked in- 
hibition. The mechanism of this striking reversal is unknown, 
but if one assumes the formation of the magnesium-thyroxine 
compound described by Lardy (11), containing three thyroxine 
moieties per magnesium ion and having a solubility product of 1 
< 10-”, then it can be shown by the appropriate calculations 
that the reversal] occurs at the thyroxine concentration at which 
the Mg++ concentration begins to decrease rapidly because of its 
precipitation by thyroxine (Fig. 1). 

In contrast to the usual metabolic responses to thyroid admin- 
istration in hypothyroidism, the t-thyroxine effect in vitro on 
amino acid incorporation into protein was considerably lower in 
homogenates from thyroidectomized rats than in the normal rat 
preparations.? Possible reasons for this reduction in sensitivity 
after thyroidectomy are currently under investigation. 

Amino Acid Specificity—As can be seen from the results of the 
experiments summarized in Table III, the t-thyroxine effect in 
vitro on amino acid incorporation into protein is not limited to 
leucine; it occurs to an equal degree with valine. 

Substrate Specificity—In most of the experiments described in 


2 L. Sokoloff and S. Kaufman, unpublished observations. 


| 

| 

| 
added 
‘he as- 
except 
nounts 
r final 
> ml of 

Con- 

enates 
ras 20 
ige of 
nun- 
3 were 
atisti- 
ulated 
and L- 
nd re- | 
om of. | 


798 


IIT 
Comparative effects of L-thyroxine in vitro on DxL-leucine-1-C' and 
pt-valine-1-C'* incorporation into protein 

The assay conditions were the same as those in Fig. 1, except 
that the put-leucine-1-C™ (specific activity = 5.47 uc/umole) was 
replaced by equivalent molar quantities of pL-valine-1-C'* (spe- 
cific activity = 3.05 ue/umole) in the flasks indicated. Homogen- 
ates were prepared according to Procedure A. L-Thyroxine addi- 
tions to experimental flasks were sufficient to yield the final 
concentrations indicated. The incubation time at 37° was 25 
minutes. 


Amino acid Control | Thy. L-Thyroxine effect 
roxine 
c.p.m./mg protein, Ac.p.m./mg % 
Experiment 1 | 
1.3 xX 10-5 pL-Leucine-l- 37.7 , 47.0 +9.3 +25 
Cc 
pL-Valine-1- 19.4 | 23.2; +3.8 | +20 
cu | 
I-xperiment 2 | 
6.5 X 10-'m pL-Leucine-l- 33.6 , 43.2 +9.6 +29 
cu | 
pL-Valine-1- 11.7. 15.7 +4.0 +34 
Cu 
TaBie IV 


Substrate specificity of L-thyroxine effect in vitro on 
put-leucine-1-C'4 incorporation into protein 

The assay conditions were the same as those in Fig. 1, except 
that the nature and quantity of substrate were as indicated. 
Homogenates were prepared according to Procedure A. The 
quantity of L-thyroxine added to the experimental flasks was suffi- 
cient to yield a final concentration of 6.5 X 10-5 m. Incubation 
time at 37° was 25 minutes. 


Substrate Control Thy- L-Thyroxine effect 
roxine 

c.p.m./mg protein’ A c.p.m./mg 
13.5/ 14.9) +1.4 | +10 
Succinate (50 wmoles)............ | 24.5 | 24.9 +0.4 +2 
a-Ketoglutarate (50 umoles) . | 32.2 | +12.9 | +67 
pL-8-Hydroxybutyrate (50 umoles) 44.8 57.7; +12.9 | +30 

DL-f- (100 | 
| 56.0 | 66.6 +10.6 | +19 


this report, a-ketoglutarate was used as the oxidizable substrate. 
Thyroxine effects in vitro were also observed, however, with other 
substrates, but the magnitude and consistency of the effect varied 
considerably with the nature of the substrate used (Table IV). 
When succinate was used, the results were erratic. With some 
homogenates the thyroxine effect with succinate equaled or even 
exceeded that obtained with a-ketoglutarate, but usually it was 
much lower, often being absent or no greater than occurred with- 
out any added substrate. Differences in the control rates of 
amino acid incorporation did not appear to be involved in this 
variability, for very similar rates were achieved with both sub- 
strates. In contrast to the inconsistent effects of thyroxine in 
vitro when succinate was used as substrate, the effects of thyroid 
pretreatment of the animal im vivo were just as great and con- 
sistent with succinate as with a-ketoglutarate. 


Thyroxine Stimulation of Amino Acid Incorporation 


Of the substrates tested, pt-G-hydroxybutyrate was associated 
with the highest rates of amino acid incorporation into protein, 
and the thyroxine effects in vitro obtained with it were almost 
always at least equivalent on an absolute basis to those obtained 
with a-ketoglutarate (Table IV). Frequently the effects with 
pL-8-hydroxybutyrate were greater, sometimes so much greater 
that despite the higher rate of amino acid incorporation, the per. 
centage effect also exceeded that obtained with a-ketoglutarate. 
Doubling the total pit-G-hydroxybutyrate concentration did not 
materially alter the results. 

Surprisingly high rates of amino acid incorporation and thy- 
roxine effects in vitro were occasionally observed in the absence of 
added substrate. Since the chief source of endogenous substrate 
was probably the glycogen contained in the liver homogenate, it 
is likely that glycolytic processes were contributing to these re- 
sults. In order to determine whether it was glycolysis itself or 
the oxidation of its products by the tricarboxylic acid cycle which 
was supporting the amino acid incorporation, the effects of fluoro. 
acetate were investigated. In Table V it is seen that 1.2 x 10° 
M fluoroacetate reduces the amino acid incorporation rate only 
slightly but virtually eliminates the thyroxine effect in the ab- 
sence of added substrate although, if anything, enhancing it in the 
presence of added a-ketoglutarate. The results obtained with 
this inhibitor suggest that although glycolysis can support amino 
acid incorporation, it cannot lead to a thyroxine effect in vitro 
unless its products enter into the tricarboxylic acid cycle. This 
interpretation is in agreement with the results of experiments 
described below indicating that both mitochondria and a sub- 
strate for oxidative phosphorylation are required for the thy- 
roxine effect. 

Specificity of Thyroactive Compound—In order to evaluate 
further the physiological significance of the thyroxine enhance- 
ment of amino acid incorporation into protein, the effects of 
several thyroxine analogues and derivatives with varying degrees 
of physiological activity were investigated. p-Thyroxine is 
known to have only a fraction of the calorigenic effect of the 
naturally occurring L-isomer (12, 13). The effects of the two 
optical isomers on amino acid incorporation after pretreatment 
of the animals in vivo are compared in Table VI. In agreement 
with its relative lack of physiological activity, p-thyroxine admin- 
istration in vivo in doses in which L-thyroxine was quite active, 


TABLE V 


Effects of fluoroacetate on L-thyroxine effect in vitro on 
pi-leucine-1-C'4 incorporation into protein in presence 
and absence of added substrate 


The assay conditions were the same as those in Fig. 1, except 
for the absence of a-ketoglutarate or the addition of fluoroacetate 
in the flasks indicated. Final fluoroacetate concentration was 
1.2 10-3m. Homogenates were prepared according to Procedure 
A. u-Thyroxine additions to experimental flasks were sufficient 
to yield a final concentration of 6.5 X 10-5 m. Incubation time 
at 37° was 25 minutes. 


Substrate Inhibitor Control Thy. L-Thyroxine effect 
roxine 
c.p.m./mg protein| A c.p.m./mg | % 
None 13.5 | 15.4 +1.9 
Fluoroacetate | 12.0 | 12.5 +0.5 | +4. 
a-Ketoglutarate...| None 26.7 | 34.2 +7.5 |+2 
a-Ketoglutarate...| Fluoroacetate | 23.4 | 33.7, +10.3 |+# 
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TABLE VI 
Effects of L-thyroxine, p-thyroxine, and L-tritodothyronine 
pretreatment tn vivo on DL-leucine-1-C' incorporation 
protein* 
The conditions were the same as those described in Table I. 
Homogenates were prepared according to Procedure A. Incuba- 
tion time at 37° was 25 minutes. 


Pretreatment agent Protein Pretreatment effect 
mg c.p.m./mg A c.p.m./mg %? 
7 Matched rat sets? 
Control........... 2.14 + 0.1233.4 + 3.9 
L-Thyroxine....... 2.13 + 0.1040.7 + 4.2,4+7.3 + 2.2¢ | +23 
p-Thyroxine....... 2.21 + 0.14)30.1 + 5.5-3.3 44.0 | 
9 Matched rat pairs? 
Control.........../2.25 + 0.1430.0 + 3.1 
3,5,3’-Triiodo-L- 
thyronine...... .|2.08 + 0.1335.5 + 3.6+5.4 4 2.3¢ |4+22 


2 All values are means + standard errors; % represents mean 
of individual per cent effects. 

>’ Rats were matched into sets of three according to age and 
weight. One served as a control, and the other two were pre- 
treated with L- or p-thyroxine.: The pretreated rats received 
daily intraperitoneal injections of 100ug of sodium L- or p-thy- 
roxine for 4 to 11 days (mean = 8 days). All rats of a set were 
simultaneously killed 1 to 4 days (mean = 2 days) after the last 
dose, and their amino acid-incorporating activity assayed in 
parallel flasks. 

¢ Statistically significant effect; p < 0.05 as determined by 
method of paired comparison. None of the changes in protein 
N was statistically significant. 

4 Rats were paired according to age and weight; one served as 
a control, and the other was pretreated with L-triiodothyronine. 
Pretreated rats received 150 ug of sodium L-triiodothyronine in- 
traperitoneally on the first day and 75 wg on the second day. 
Paired rats were simultaneously killed and studied on the third 
day. 


had no significant effects on amino acid incorporation into pro- 
tein (Table VI). On the other hand, when added in vitro, p- 
thyroxine was found to be about as effective as t-thyroxine 
(Table VII), a phenomenon which has also been described in 
reference to the uncoupling of oxidative phosphorylation by 
thyroxine (14). The striking discrepancy in the relative activ- 
ities of L- and p-thyroxine when administered to the whole ani- 
mal and when added directly to cell-free tissue preparations sug- 
gests that the lesser activity of the p-isomer in vivo may be more 
a matter of cell membrane permeability or its more rapid deg- 
radation and excretion (15, 16) than of stereospecificity on the 
part of the enzymes involved. 

The effects of the physiologically active analogue, 3,5,3’- 
triiodo-L-thyronine, were almost opposite to those of p-thyroxine. 
Homogenates from rats pretreated with triiodothyronine in- 
corporated amino acids into protein at substantially higher rates 
than preparations from matched control rats (Table VI). Jn 
nitro, however, the effect of triiodothyronine, though statistically 
significant (p < 0.05) was only a fraction of the L-thyroxine effect 
(Table VII). Tetraiodothyroacetic acid, another potent thy- 
roactive compound, was found to be even more active in vitro 
than L-thyroxine (Table VII). Preliminary results indicate that 
it is also active in vivo. 

Mitochondrial Requirement—In an attempt to localize the 


L. Sokoloff and S. Kaufman 


799 


source of the increased amino acid-incorporating activity in 
hyperthyroid rat liver homogenates, mitochondria, microsomes, 
and supernatant fluid were prepared by Procedure B from the 
livers of both normal rats and rats pretreated with L-thyroxine as 
described above. Incubations were carried out with all possible 
combinations of mitochondria, microsomes, and supernatant 
fluid derived from these two sources. The results of a representa- 
tive experiment are presented in Table VIII. It is seen that the 


TaBLeE VII 
Relative effects of t-thyroxine, p-thyroxine, L-tritodothyronine, and 
tetraiodothyroacetic acid in vitro on DxL-leucine-1-C'* 
incorporation into protein 

The assay conditions were the same as those in Fig. 1. .L-Thy- 
roxine or analogues added to flasks in quantities needed to yield 
final concentrations indicated. Homogenates prepared by Pro- 
cedure A. Incubation time at 37° was 25 minutes. 


| Relative effect? 


Compound 
1.3 X 1.3 X 
| % % 
Tetraiodothyroacetic acid...... 129 149 
3,5,3’-Triiodo-t-thyronine...... | 23 6 


@ Mean values of 5 to 16 experiments in which effects of L-thy- 
roxine and each analogue were compared in parallel flasks. L- 
Thyroxine effect considered to be 100. 

6’ Numbers in parentheses are the means of the actual percent- 
age L-thyroxine effects obtained in this series of experiments. 


TaBLeE VIII 
Localization of tncreased amino acid-incorporating activity in 
homogenate fractions from L-thyroxine pretreated rats 
The assay conditions were the same as described in Table I. 
Incubation time at 37° was 60 minutes. Radioactivity was meas- 
ured with an end window Geiger-Miieller counter. 


Source of homogenate fractions added to flasks* 
Total protein? 
Mitochondria Microsomes Supernatant fluid 
c.p.m./mg 
1 | Normal Normal Normal 17.4 
2 | Hyperthyroid | Hyperthyroid | Hyperthyroid 29.3 
3 | Normal Normal Hyperthyroid 15.3 
4 | Hyperthyroid | Hyperthyroid | Normal 32.2 
5 | Normal Hyperthyroid | Normal 17.9 
6 | Hyperthyroid; Normal Hyperthyroid 28.1 
7 | Hyperthyroid | Normal Normal 31.2 
8 | Normal Hyperthyroid | Hyperthyroid 16.7 


¢ Mitochondria, microsomes, and supernatant fluid were pre- 
pared simultaneously by Procedure B (see text) from both normal 
rats and rats made hyperthyroid by the daily intraperitoneal 
injection of 100 ug of sodium L-thyroxine for 7 days preceding the 
day of experiment. The three homogenate fractions derived 
from both types of rats were added to the flasks in the combina- 
tions indicated. 

>’ Represents amino acid incorporation into total homogenate 
protein and not protein of any specific homogenate fraction. 
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increased amino acid-incorporating activity follows the distri- 
bution of the mitochondria from the hyperthyroid rat, indicating 
that the thyroxine effect in vivo is associated with the mitochon- 
drial fraction. 

This association did not necessarily prove that mitochondria 
were intimately involved in the mechansim of the thyroxine ef- 
fect; it could as readily have been explained by a concentration 
of the injected thyroxine in the mitochondrial fraction (17, 18). 


TABLE IX 


Requirement of mitochondria and oxidizable substrate for L-thyroxine 
effect in vitro on DL-leuctne-1-C'4 incorporation into protein 

Homogenate fractions were prepared by Procedure C (see text). 
The complete system contained the same conponents as the stand- 
ard system described in Table I and Fig. 1, including 0.15 mi of the 
mitochondrial suspension and 0.30 ml of the microsomal-super- 
natant mixture added separately. The contents of the flasks 
without mitochondria and a-ketoglutarate were identical, except 
that the mitochondrial suspension was replaced by 0.15 ml of 
0.25 m sucrose solution and the a-ketoglutarate was replaced by 
40 umoles of creatine phosphate and 0.25 mg of crystalline creatine 
phosphokinase contained in an equivalent volume. Sufficient 
L-thyroxine was added to obtain a final concentration of 6.5 X 


10-'m. Incubation time at 37° was 25 minutes. 
Ex- 
System Control L-Thyroxine effect 
No. 
c.p.m./mg protein| Ac.p.m./mg | % 
Minus mitochondria, minus 
a-ketoglutarate, plus crea- 
tine phosphate, plus cre- 
atine phosphokinase....... 15.9 16.2 +0.3. | +2 
Minusmitochondria, minus 
a-ketoglutarate, plus cre- 
atine phosphate, plus 
creatine phosphokinase....| 40.6 | 42.8 +2.2 | +5 


TABLE X 


Effects of t-thyroxine in vitro on DL-leucine-1-C'4 incorporation into 
proteins of various fractions of total homogenate 

Incubations in all flasks were carried out under the same condi- 
tions as in Fig. 1. Homogenate was prepared according to Pro- 
cedure A (see text). Sufficient L-thyroxine was added to attain 
a final concentration of 1.3 X 10-4 mM. Incubation times at 37° 
was 25 minutes. At the end of the incubations, the contents of 
one pair of control and experimental flasks were separated into 
mitochondrial and microsomal-supernatant fractions by differen- 
tial centrifugation (see text). The protein of each fraction was 
then precipitated, purified, and counted as described in the text. 
Total homogenate protein was obtained from the contents of a 
parallel pair of flasks which were not fractionated but were other- 


wise similarly treated. 


Sample Control L-Thyroxine effect 
c.p.m./mg protein | Ac.p.m./mg % 
Total homogenate protein....| 19.7 26.0 +6.3 | +32 
Mitochondrial protein. ...... 14.7 14.9 +0.2 +1 
Microsomal-supernatant pro- | 
23.0 | 33.9 +10.9 | +47 
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INCUBATION TIME IN MINUTES 


Fic. 2. Time course of L-thyroxine effect in vitro on pL-leucine- 
1-C'* incorporation into protein. The conditions were the same 
as those in Fig. 1. Homogenates were prepared according to 
Procedure A. Incubation was at 37°. Each point represents a 
separate flask. O——O, controls; @——®@, plus 1.3 X 10° y 
L-thyroxine. 


In order to determine if mitochondria were actually essential for 
the effect, experiments were performed in which thyroxine effects 
in vitro were compared in the presence of mitochondria and 4 
substrate for oxidative phosphorylation and in their absence and 
replacement by a creatine phosphate-ATP generating system. 
The results of two such experiments are presented in Table IX. 
In one experiment the control rate of amino acid incorporation 
was higher in the presence of the mitochondrial system; in the 
other the rate was higher with the creatine phosphate system; 
but in both experiments the thyroxine effect, clearly apparent in 
the presence of mitochondria and the oxidizable substrate, was 
virtually eliminated by their replacement with a system gener- 
ating ATP from creatine phosphate. These results, when com- 
bined with those of the fluoroacetate experiments previously de- 
scribed (Table V), indicate that mitochondria and a substrate for 
oxidative phosphorylation are essential for the thyroxine effect 
on amino acid incorporation into protein. 

Site of Proteins Containing Additional Amino Acids Incorpo- 
rated—Bates et al. (19) and McLean et al. (20) have described 
systems which incorporate labeled amino acids into cytochrome 
c and other proteins of mitochondria, and Drabkin (21) has re- 
ported increased cytochrome c levels in liver and other tissues of 
hyperthyroid animals. In order to determine if the mitochon- 
drial requirement reflected only an increased amino acid incorpo 
ration into cytochrome c or other mitochondrial proteins, experi- 
ments were carried out in which the mitochondria were separated 
from the microsomal-supernatant fractions at the end of a stand- 
ard incubation by centrifugation of the flask contents at 8,000 x 
g for 10 minutes.* The protein from the individual fractions was 
then precipitated, purified, and assayed for radioactivity in the 
usual manner as described above. Amino acid incorporation 
into total homogenate protein was determined in parallel flasks 
by the standard method. From the results of the experiment 
presented in Table X, it is seen that the entire thyroxine effect 
in vitro, apparent in the total homogenate protein, can be ac- 
counted for by the increased amino acid incorporation into the 
protein of the microsomal-supernatant fraction. It would 
appear then that although mitochondria are essential for the 
thyroxine effect, the actual effect is the enhancement of amino 
acid incorporation into the protein of the microsomal-superna- 
tant fraction, probably mainly the microsomal protein. 


’ Before centrifugation the reaction was stopped by the addi- 
tion of 10 ml of ice-cold 0.25 m sucrose solution containing 1 mg 


of nonisotopic pL-leucine per ml. 
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Time Course of Thyroxine Effect in Vitro—In order to determine 
whether the thyroxine effect in vitro represented a true stimula- 
tion of amino acid incorporation into protein or merely a preserva- 
tion of the initial rate, complete time-course studies were carried 
out. The results of a representative experiment are graphically 
illustrated in Fig. 2. It is clear that the thyroxine effect is stim- 
ulatory rather than preservative, for it appears while the con- 
trol rate of amino acid incorporation is still linear with respect to 
time. ‘There is, however, a short latent period before the thy- 
roxine effect appears. This lag period is followed by a 20- to 
25-minute period of stimulation, after which continued thyroxine 
stimulation ceases, and the control and experimental curves be- 
come parallel. This pattern has been repeatedly observed in a 
large number of experiments, which have delineated the duration 
of the lag to a period between 5 and 7 minutes. The same time 
course is observed with all thyroxine concentrations tested be- 
tween 1.3 X and 1.3 X 10-*m. Although the degree of 
stimulation is greater, higher concentrations neither shorten the 
lag period nor prolong the period of stimulation, and the addition 
of more thyroxine after the initial stimulation is over does not 
appear to restore the effect. The effect of tetraiodothyroacetic 
acid, which is more potent than thyroxine in this system, has a 
similar time course including the lag period. 

Elimination of Lag Period by Preincubation—When the entire 
system is preincubated for 4 minutes at 37° before the addition 
of the labeled amino acid, the lag period is eliminated, and the 
thyroxine stimulation is immediately apparent (Fig. 3). 

To determine whether the elimination of the lag by preincuba- 
tion was thyroxine-dependent or the result of some other effect 
unrelated to the presence of thyroxine, the thyroxine addition 
was delayed until after 10 minutes of incubation of the entire 
system. As seen from the results illustrated in Fig. 4, the lag 
period is still present under these circumstances, indicating that 
thyroxine must be present during the preincubation for the lag to 
be eliminated. The effect of preincubation on the lag is not 
merely a matter of duration of contact between thyroxine and 
the homogenate (22, 23); preliminary exposure of the homoge- 
nate to thyroxine at 0° for as long as 22 minutes does not affect 
the lag. 

Dependence of Elimination of Lag by Preincubation on Oxi- 
dizable Substrate—When the substrate for oxidative phosphoryla- 
tion is left out of the system during the 4-minute preincubation 
at 37° and added at the end of the preincubation together with 
the labeled amino acid, then the lag period is not eliminated (Fig. 
5). In fact, under these conditions the lag period is frequently 
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Fig. 3. Time course of L-thyroxine effect in vitro on pi-leucine- 
1-C' incorporation into protein after a 4-minute preincubation 
at 37° of the complete system in the presence of thyroxine and 
absence of the radioactive amino acid. The conditions were 
identical to those in Fig. 2 except that the radioactive amino acid 
was added and the incubation begun after the 4-minute preincu- 
bation at 37°. Incubation was at 37°. O——O, controls; 
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Fic. 4. Time course of L-thyroxine effect in vitro on pt-leucine- 
1-C* incorporation into protein when L-thyroxine was added after 
10 minutes of incubation of the total system. The conditions were 
identical to those in Fig. 2 except that the L-thyroxine was added 
at the time indicated by the arrow; control flasks received equiva- 
lent volumes of the 0.01 Nn NaOH solvent at the same time. In- 
cubation was at 37°. O O, controls; A——A, plus 1.3 X 
10- M L-thyroxine. 
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Fic. 5. Time course of L-thyroxine effect in vitro on pi-leucine- 
1-C* incorporation into protein after a 4-minute preincubation 
of the total system at 37° in the presence of L-thyroxine but in 
the absence of the radioactive amino acid and added oxidizable 
substrate. The conditions were identical to those in Fig. 3 ex- 
cept that the a-ketoglutarate was added together with the p.L- 
leucine-1-C* at the end of the preincubation. Incubation tem- 
perature was 37°. O——O, control; A——A, plus 6.5 X 10-5 m 
L-thyroxine. 


prolonged or the initial thyroxine effect may even be inhibitory, 
but ultimately the amino acid incorporation in the thyroxine 
flasks is accelerated and surpasses that of the control flasks. 
These results indicate that the thyroxine-dependent reactions 
proceeding during the preincubation, which are responsible for 
the elimination of the lag, are also dependent on the presence of 
an oxidizable substrate. They support the conclusions already 
reached from the results of the experiments with fluoroacetate 
(Table V) and creatine phosphate (Table IX) that both mito- 
chondria and a substrate for oxidative phosphorylation are neces- 
sary for the thyroxine stimulation in vitro of amino acid incorpo- 
ration into protein. 


DISCUSSION 


The finding that thyroxine stimulates amino acid incorporation 
into protein in cell-free homogenates is further evidence of a role 
of the thyroid hormone in protein biosynthesis. It does not ex- 
clude the possibility of a similar role in other synthetic processes, 
and in fact there have been reports suggesting comparable effects 
on the synthesis of fatty acids (24), cholesterol (25), and glycogen 
(26). Increased amino acid incorporation into protein is not in 
itself proof of a stimulation of net or protein synthesis de novo, 
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but it is compatible with the physiological role of thyroxine in 
growth and development (3-5), processes in which protein syn- 
thesis is almost certainly involved. Also, Paik and Cohen (27) 
have recently reported that carbamyl phosphate synthetase 
activity is increased in the tadpole liver by thyroxine treatment, 
and they demonstrated by immunological and C"-leucine-in- 
corporation studies that the increased activity is the result of an 
accelerated synthesis de novo of this specific enzymatically active 
protein. 

Previous demonstrations of increased tissue levels of specific 
proteins (21, 27) or enhanced activity of svnthetic processes (24— 
26) were all obtained after pretreatment of the animal in vivo. 
Such studies fail to distinguish between a primary effect of the 
hormone and a secondary or adaptative change in response to the 
gross metabolic alterations known to occur in hyperthyroidism. 
In the present study, the ability of thyroxine to stimulate amino 
acid incorporation into protein was demonstrated not only after 
its administration in vivo but also in vitro, indicating more 
strongly a close relationship to the direct action of the hormone. 

Uncoupling of oxidative phosphorylation has been suggested 
as the mechanism of action of thyroxine (18, 22). Leucine and 
valine incorporation into protein in the system used in these 
studies is an energy-dependent process, and its stimulation by 
thyroxine is inconsistent with the mechanisms generally implied 
by the concept of uncoupling of oxidative phosphorylation. In- 
deed, uncoupling agents, such as dinitrophenol,* in concentra- 
tions which measurably depress oxidative phosphorylation, also 
inhibit amino acid incorporation into protein (9).2. The abrupt 
switch from stimulation to inhibition of amino acid incorporation 
observed with very high concentrations of thyroxine (Fig. 1) 
may reflect its uncoupling action; but this effect appears to be a 
qualitatively different phenomenon which may, perhaps, be 
operative in extreme thyrotoxic states but cannot eXplain 
many of the physiological effects of the thyroid hormone. 

Recently, Bronk (29) has reported that thyroxine stimulates 
oxidative phosphorylation in submitochondrial particles, and 
Dallam and Howard (30) have observed similar effects under 
special conditions with intact mitochondria. It is possible that 
the thyroxine stimulation of amino acid incorporation is related 
to this phenomenon, but we have been unable to demonstrate 
thus far that the amino acid-incorporation rate in our system is 
limited by the amount of available ATP. In fact, lowering the 
AMP concentration, which probably lowers the steady-state con- 
centration of ATP, enhances the rate, and replacement of the 
AMP by an equivalent quantity of ADP or ATP fails to increase 
and may even decrease the rate of amino acid incorporation.? 
These results, however, are difficult to interpret because of possi- 
ble complicating influences such as Mg** binding by the nucleo- 
tides, and further studies of the question are still in progress. 

The possibility has been considered that the thyroxine effect is 
related to the phosphorylation of some other nucleotide required 
in the incorporation of amino acids into protein. GTP has been 
reported to be an essential cofactor in the rate-limiting step of the 
over-all process (31), and the greater and more consistent thy- 
roxine effects obtained wtih a-ketoglutarate as compared with 


4 We have recently observed that very low concentrations of 
dinitrophenol and salicylate also stimulate amino acid incorpora- 
tion into protein in normal rat liver homogenates. However, in 
view of the recent finding by Christensen (28) that these agents 
inhibit protein binding of thyroxine, it is uncertain whether their 
stimulation of amino acid incorporation is a direct effect or sec- 
ondary to the release of endogenous thyroxine bound on protein. 
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succinate could conceivably have been related to the coupled 
generation of GTP in the oxidation of the former substrate (32), 
The addition of GTP to the total svstem does indeed increase the 
rate of amino acid incorporation, but identical stimulations are 
observed with GDP, and neither nucleotide has any systematic 
influence on the thyroxine effect.* 

Although the effect of thyroxine on amino acid incorporation 
into protein cannot be explained by its uncoupling action op 
oxidative phosphorylation, certain aspects of the results suggest 
that it is related to some interaction between thyroxine and oxida- 
tive phosphorylation. The requirement of both mitochondrig — 
and a substrate for oxidative phosphorylation for the over-all 
effect and the lag period which can be eliminated by preincuba- 
tion only if both thyroxine and the oxidizable substrate are 
present, indicate a preliminary or intermediate reaction involving 
both thyroxine and oxidative phosphorylation preceding the 
effect on amino acid incorporation. These observations are 
equally compatible with an oxidative phosphorylation-dependent 
effect of thyroxine on mitochondrial membrane permeability (33, 
34) or some other mitochondrial component, or, conversely, an 
effect of oxidative phosphorylation on thyroxine. An activated 
thyroxine intermediate, tetraiodothyroacetyl-CoA, has already 
been suggested by LeBreton et al. (35, 36) on the basis of a CoA- 
dependent thyroxine stimulation of glycolysis. No evidence has 
been obtained to indicate the involvement of CoA in the thyrox- 
ine effect reported here. It is hoped, however, that studies cur- 
rently in progress on the nature of the interaction between thy- 
roxine and oxidative phosphorvlation may help to elucidate the 
mechanism of the thyroxine stimulation of amino acid incorpora- 
tion into protein. 


SUMMARY 


1. t-Thyroxine pretreatment in vivo or addition in vitro in- 
creases the rate of amino acid incorporation into the protein of 
cell-free rat liver homogenates. Thyroidectomy results in a 
reduction of this rate. 

2. The increased amino acid-incorporating activity in the L- 
thyroxine pretreated rats has been found to be associated with 
the mitochondrial fraction. The u-thyroxine effect in vitro is 
dependent on the presence of mitochondria and a substrate for 
oxidative phosphorylation; it is not observed when the oxidative 
phosphorylation system is replaced by a creatine phosphate-ATP 
generating system. Although mitochondria are essential for the 
L-thyroxine effect, the actual effect is to accelerate the amino 
acid incorporation into the protein of the microsomal-superna- 
tant fractions. 

3. Time-course studies have demonstrated that the L-thyrox- 
ine effect in vitro is a true stimulation of the rate of amino acid 
incorporation into protein and not merely a preservation of the 
initial rate. A short lag period in the appearance of the effect 
has been observed which can be eliminated by preincubation of 
the system with L-thyroxine, provided an oxidizable substrate is 
present; preincubation in the absence of added substrate fails to 
eliminate the lag. 

4. p-Thyroxine, which is physiologically relatively inactive, 
also fails to stimulate amino acid incorporation into protein when 
injected into the animal in doses in which L-thyroxine is quite 
active. When addedin vitro directly to the cell-free homogenates, 
p-thyroxine is as effective as L-thyroxine. On the other hand, 
the physiologically active analogue, 3,5,3’-triiodo--thyronine, 
is effective when administered in vivo but has very low activity 


| 
| 
| 


tro 1s 
te for 
lative 
-ATP 
or the 
erna- 


VTOX- 
acid 
of the 
effect 
ion of 
ate is 
ils to 


ctive, 
when 
quite 
nates, 
hand, 
ynine, 
tivity 


March 1961 


when added in vitro. Tetraiodothyroacetic acid is more effective 
in vitro than L-thyroxine. 

5. The possible relationship of the L-thyroxine effect on amino 
acid incorporation into protein to the physiological role of the 
thyroid hormone in the processes of growth and development is 


discussed. 
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The participation of tetrahydropteridines in the enzymatic 
conversion of phenylalanine to tyrosine has recently been re- 
ported (1, 2). It has been found that during the hydroxylation 
reaction, the tetrahydropteridine is stoichiometrically oxidized 
to an intermediate. The intermediate can be reduced back to 
the original tetrahydropteridine by reduced triphosphopyridine 
nucleotide, a reaction catalyzed by the sheep liver enzyme. In 
the absence of TPNH, it is rapidly converted to the 7,8-dihy- 


dropteridine. These reactions have been formulated as follows 
(2): 

rat liver 
Tetrahyvdropteridine + phenylalanine + (1) 


“oxidized pteridine” + tyrosine + H.O 


sheep liver 
enzyme 
> (2) 


“Oxidized pteridine” + TPNH + H* + 
tetrahydropteridine + TPN+t 
“Oxidized pteridine” — 7,8-dihydropteridine (3) 
Although no direct evidence was obtained for the formation 
of the intermediate (“‘oxidized pteridine’’ in the above scheme), 
its existence was inferred from kinetic studies. Conditions have 
now been found in which this intermediate accumulates during 
the enzymatic conversion of phenylalanine to tyrosine. More- 
over, an active compound has been prepared chemically which 
appears to be identical with the intermediate formed during the 
enzymatic reaction. Evidence suggesting that the intermediate 
is a double bond tautomer of the inactive 7 ,8-dihydropteridine 
will be presented. 


EXPERIMENTAL PROCEDURE 


Materials 


The purified rat and sheep liver enzyme, as well as the reduced 
pteridines used in this study, were prepared by published methods 
(2-4). 1-Glutamic transformylase was prepared by the method 
of Silverman e¢ al. (5) and dihydrofolic reductase by the method 
of Osborn and Huennekens (6). A sample of 5-formyl-l-5,6,7 ,8- 
tetrahydropteroyl-L-glutamic acid! was obtained the 


1 This diastereoisomer will be referred to as 5-formyl]-l,L-tetra- 
hydrofolate. The isomer of tetrahydrofolate which is formed 
from the above compound in the glutamic transformylase system, 
as well as that formed from dihydrofolate in the dihydrofolate 
reductase system, will be referred to as l1,.L-tetrahydrofolate. 
Synthetic tetrahydrofolate, which is a mixture of the diastereo- 
isomers 1-5,6,7,8-tetrahydropteroyl-L-glutamiec acid and d-5,6,7, 
8-tetrahydropteroy]l-L-glutamic acid will be referred to as dl-L- 
tetrahydrofolate. 


Lederle Laboratories Division of the American Cyanamid Com- 
pany through the courtesy of Dr. Place. 


Methods 


In experiments in which the tetrahydropteridine and _ its 
oxidation products were to be separated from TPNH and TPN>, 
a short column of Dowex 1-Cl- (100 to 200 mesh) was used, 
To check this procedure, a solution containing 0.5 umole of 2- 
amino-4-hydroxy-6,7-dimethyltetrahydropteridine and 1.0 
mole of TPNH in 1 ml of 0.1 m Tris buffer pH 6.8 was cooled 
to 4° and poured onto a 1- X 2-cm column of Dowex 1-Cl-. The 
effuent was saved, and the column was washed with 6 ml of 
cold water. The effluent and washings werecombined. Spectral 
analysis showed that none of the TPNH had come through the 
column, a result which was confirmed with TPNH and TPN 
solutions alone. The recovery of the pteridine from the column 
varied between 88 and 95%. In several runs, about 5 to 10% 
of the tetrahydropteridine was oxidized to the dihydropteridine 
during the separation.2, This method has also been used to 
separate the pteridine from the complete phenylalanine hy- 
droxylation reaction mixture. Although phenylalanine and 
tyrosine are not completely retained by the column under these 
conditions, their interference in the spectral determination of 
the pteridine is insignificant. 

All dialyses of enzymes were carried out in a rocking dialyzer 
for 4 to 6 hours against 40 to 50 volumes of the appropriate buffer. 
Mercaptoethanol was determined by the nitroprusside method 


(7). 
RESULTS 


Formation of Oxidized Pteridine Intermediate during Phenyl- 
alanine Hydroxylation—The conclusion that an oxidized in- 
termediate exists between the tetrahydro- and the 7 ,8-dihydro- 
pteridine was based on the observation that, although the 7, 
8-dihydropteridine cannot oxidize TPNH, model tetrahydropter- 
dines behave catalytically in the enzymatic hydroxylation system 
if TPNH is present (2). This result indicated that an oxidized 
compound formed from the tetrahydropteridine could be reduced 
back to the tetrahydro level by TPNH and thus recycle during 
the hydroxylation of phenylalanine. 

An assay for the detection of the intermediate was devised in 


2 The extent of oxidation of the tetrahydropteridine to the 7,8- 
dihydropteridine has been estimated by determining the optical 
density at 278 and 330 mu in 0.1 m phosphate pH 6.8. The ex- 
tinction coefficients at these two wave lengths are markedly dif- 
ferent for the tetra- and dihydropteridine (2). 
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which the conversion of phenylalanine to tyrosine was allowed to 
proceed in the absence of TPNH (Reaction 1). After tyrosine 
formation had ceased, TPNH was added, and a second incubation 
was carried out. Any additional tyrosine formation during this 
second incubation indicated that a compound had been formed 
during the first incubation which could be reduced to an active 
tetrahydropteridine in the presence of TPNH. 

When this experiment was carried out under the conditions of 
the standard assay, with the dimethyltetrahydropteridine, there 
was no evidence for the accumulation of an active compound (2). 
When Tris buffer was substituted for the phosphate buffer ordi- 
narily used in the standard assay, an active compound accumu- 
lated. As shown in Fig. 1, in the absence of TPNH, tyrosine 
formation stops after 12 minutes (Curve B). The rate of tyrosine 
formation after the addition of TPNH (Curve C, arrow) is almost 
equal to that obtained when TPNH was present from the start 
of the experiment (Curve A). 

The evidence that an intermediate accumulates only when the 
hydroxylation reaction is carried out in the absence of phosphate 
suggests that the conversion of the intermediate to the inactive 
7 ,8-dihydropteridine (Equation 3) is catalyzed by phosphate or 
an impurity in the phosphate. Control experiments in which a 
mixture of phosphate and Tris buffers was used showed that Tris 
buffer did not stabilize the intermediate. 

The stability of the intermediate was studied under conditions 
of the assay (in the absence of phosphate). The results of an 
experiment in which the addition of TPNH was postponed for 
variable periods is shown in Fig. 2. It is apparent that even 
under these conditions, the compound is quite unstable; after 43 
minutes, the addition of TPNH permits little tyrosine formation 
(Curve F). Several unsuccessful attempts were made to isolate 
the intermediate from reaction mixtures. In every case the 
product obtained was almost completely inactive, and spectral 
analysis indicated that the tetrahydropteridine had been largely 
converted to the inactive 7 ,8-dihydropteridine. 

Formation of Oxidized Pteridine Intermediate during Nonenzy- 
matic Oxidation of Tetrahydropteridine—Since the oxidized pteri- 
dine proved to be too unstable to isolate from reaction mixtures 
containing the complete phenylalanine hydroxylation system, 
attempts were made to demonstrate its formation in a simplified 
system, 7.e. during nonenzymatic oxidations of tetrahydropteri- 
dines. To detect its formation, a rapid assay was employed 
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Fig. 1. The effect of addition of TPNH after cessation of ty- 
Tosine formation. The system contained the following com- 


Ponents: Tris buffer pH 6.8, 150 uwmoles; ut-phenylalanine, 2.0 
umoles; glucose, 75 wmoles; 2-amino-4-hydroxy-6,7-dimethyl- 
tetrahydropteridine, 0.10 zmoles; rat liver enzyme, 0.14 mg; sheep 
liver enzyme, 0.08 mg of protein; glucose dehydrogenase, 85 units; 
TPNH, added at zero time (Curve A) or where indicated by arrow 
(Curve C), 0.5 umole. Final volume, 1.0 ml. Temperature, 25°. 
All enzymes dialyzed against 0.033 m Tris buffer pH 6.8. 
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Fic. 2. The effect of delayed addition of TPNH on the rate of 
tyrosine formation. The conditions of the experiment were the 


same as those in Fig. 1; TPNH additions as indicated by arrows 
(Curves C through F). 


TABLE I 


Nonenzymatic oxidation of TPNH in presence of 
2-amino-4-hydrozy-6 ,7-dimethyltetrahydropteridine 
(DM PH,) 

The complete system contained Tris buffer pH 6.8, 100 umoles; 
TPNH, 0.1 umole; and the amount of DMPH, shown. Purified 
sheep liver enzyme (0.075 mg) added where indicated. Final 
volume, 1.0 ml. Temperature, about 22°. Measurements were 
made at 360 my rather than at 340 my to minimize any spectral 
changes due to the oxidation of the DMPH, (2). 


Additions DMPHi Added | tical den- 
umole 
1 None 0.030 0.080 
100 umoles of phosphate 0.030 0.030 
instead of Tris 
2 2 umoles H:O» 0.030 0.250 
2 umoles 0 0.007 
2 umoles H2O2 + sheep 0.030 0.240 
liver enzyme 
3 1 umole 0.0075 0.056 
1 umole H2O: + sheep 0.0075 0.152 
liver enzyme 


which is based on the fact that the intermediate, in contrast to 
the 7 ,8-dihydropteridine, is capable of oxidizing TPNH even 
in the absence of enzymes (2). The data in Table I show that 
during the nonenzymatic oxidation of the tetrahydropteridine 
by both O, and H2,O2, a compound is produced which can, in 
turn, oxidize TPNH. In Experiment 1, the lower rate of TPNH 
oxidation in the presence of phosphate is consistent with the 
conclusion that phosphate accelerates the conversion of the in- 
termediate to the 7,8-dihydropteridine. In the presence of 
phosphate, therefore, a lower steady state concentration of the 
intermediate would be expected and, consequently, a lower rate 
of TPNH oxidation. When H2O: is added (Experiment 2), the 
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rate of TPNH onidation is increased. This effect of H2O. is not 
due to a direct oxidation of the TPNH by the H2Os, since it is 
dependent on the presence of the tetrahydropteridine. If the 
intermediate generated during these nonenzymatic oxidations 
is the same one which is formed during the enzymatic hydroxyla- 
tion of phenylalanine, it should be possible to demonstrate a 
stimulation of the TPNH oxidation by the sheep liver enzyme 
(Equation 2). Under the conditions of Experiment 2, the rate 
of the nonenzymatic reaction with TPNH apparently is so rapid 
that addition of sheep enzyme has no effect. When smaller 
amounts of the tetrahydropteridine and H2O, are used (Experi- 
ment 3), the addition of the purified sheep liver enzyme leads 
to a two- to threefold increase in the rate of TPNH onidation. 
This stimulation by sheep liver enzyme strongly supports the 
idea that the same pteridine intermediate is formed during both 
the nonenzymatic oxidation of the tetrahydropteridine and the 
enzymatic hydroxylation of phenylalanine. 

It has already been reported that with model tetrahydropteri- 
dines, reducing agents such as 2-mercaptoethanol, when used in 
large excess, can replace TPNH in the phenylalanine hydroxylat- 
ing system (2). This observation probably reflects the ability 
of the oxidized pteridine to oxidize mercaptans, as well as 


TPNH. It was of interest, therefore, to see whether the inter- 
mediate formed during the nonenzymatic oxidation of tetrahy- 
24 
20 
N 2-MERCAPTOETHANOL + 
= TETRAHYDROFOLATE 
= 
W OBE 
"4 2-MERCAPTOETHANOL 
= 04+ = 
/ 
0 § © 6 OB SS 


MINUTES 
Fic. 3. The effect of tetrahydrofolate on the aerobic oxidation 
of 2-mercaptoethanol. Each tube contained 100 umoles of phos- 
phate buffer pH 6.8, 0.65 umole of 2-mercaptoethanol, and (upper 
curve) 0.4 umole of synthetic tetrahydrofolate. The temperature 
was 25°, and the final volume was 0.9 ml. 
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Fic. 4. The stimulation by sheep liver enzyme of the rate of 
TPNH oxidation in the presence of the oxidized pteridine inter- 
mediate. The latter compound was prepared by 2,6-dichloro- 
phenolindophenol oxidation of the 2 - amino -4 - hydroxy -6,7 - di- 
methyltetrahydropteridine, as described in the text. Each cu- 
vette contained, besides the oxidized pteridine, 150 umoles of 
Tris buffer pH 6.8, 0.15 umole of TPNH, and sheep liver enzyme, 
0.04 mg, added where indicated. Final volume, 1.0 ml. Tem- 
perature, about 22°. 
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dropteridines could also catalyze the aerobic oxidation of mer. 
captans. The results in Fig. 3 show that tetrahydrofolate can 
markedly stimulate the oxidation of 2-mercaptoethanol. The 
tetrahydropteridine behaves catalytically in this system, since 
in a separate experiment it was shown that more mercapto. 
ethanol can be oxidized than the amount of tetrahydrofolate 
added. 

The ability of mercaptans to “‘protect’”’ tetrahydropteridines 
from air oxidation is well known. The results reported here 
suggest that the mechanism of this protection may involve 
cyclic oxidation of the tetrahydropteridine to the intermediate, 
followed by reduction of the intermediate to the tetrahydro 
compound. 

Preparation of Oxidized Pteridine Intermediate by 2,6-Dichlo- 
rophenolindophenol-Oxidation—Using the TPNH oxidation assay 
to follow the reaction, attempts were made to prepare the active 
intermediate anaerobically. The oxidant used was 2, 6-dichloro- 
phenolindophenol, since it has already been shown that this dye 
will rapidly oxidize tetrahydropteridines to the dihydro level 
(2). When the tetrahydropteridine was added to a mixture of 
the dye and TPNH in Tris buffer, the dye was instantaneously 
decolorized and TPNH was rapidly oxidized. Because the 
leuko form of the dye is only slowly autoxidizable under these 
conditions, for convenience the reaction was studied in greater 
detail aerobically. As can be seen in Fig. 4, the oxidation of 
TPNH under these conditions is rapid even in the absence of 
enzyme. The initial rate can, however, be stimulated by the 
purified sheep liver enzyme. In the presence of the enzyme, 
the decrease in absorbancy (optical density) after 2 minutes 
corresponds to the expected change if the dye, which was the 
limiting reactant, had stoichiometrically oxidized the tetrahy- 
dropteridine to the oxidized pteridine intermediate and the latter 
had then oxidized an equivalent amount of TPNH. In all 
probability, the slow fall in optical density beyond this theoreti- 
cal end point represents some recycling of the dye due to aerobic 
reoxidation of the reduced form of the dye. | 

Properties of the Intermediate—Solutions of the intermediate , 
could be conveniently prepared free from the dye by extraction 
with ether. In a typical preparation, 0.65 ml of a solution con- | 
taining 0.05 umole of dye per ml was added to a solution of the 
dimethyltetrahydropteridine (0.04 umole) which had just been 
neutralized to pH 6.0 to 6.5 with dilute KOH. The mixture 
was immediately extracted three times with 5-ml portions of 
ether. The residual ether in the aqueous layer was removed by 
a stream of nitrogen. 

Before use of this preparation in enzyme experiments, the 
stability of the active compound was studied with the TPNH 
oxidation assay. When the solution was stored at 0°, it lost 
30 to 40% of its activity in 90 minutes. The addition of Tns 
buffer, pH 6.8, either before or after the dye oxidation step, led 
to greater instability. Storage in an evacuated tube did not 
prevent these losses. The compound was less stable in dilute 
acid or alkali than it was at neutrality. Lyophilization of the 
solution immediately after the ether extraction led to very poor | 
recovery of the active product. Fig. 5 shows the spectrum of 
the product of the dye oxidation in Tris buffer, pH 6.8; after 
minutes the spectrum appears to be almost identical with that of 
the inactive 7,8-dihydropteridine (2). Since the rate of con — 
version of the oxidation product to the 7 ,8-dihydropteridine 3 
so rapid, the spectrum, even after 1 minute, can be consid 
only an approximation of the true spectrum of the intermediate. 
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Fic. 5. Spectra of the oxidized pteridine intermediate (product 
of oxidation of the 2-amino-4-hydroxy-6,7-dimethyltetrahydro- 
pteridine by 2,6-dichlorophenolindophenol) in 0.1 mM Tris buffer 
pH 6.8, prepared as described in the text and recorded approxi- 
mately 1, 7, 23, and 90 minutes after the dye was removed by ether 
extraction. 


From the spectral changes which have occurred between 1 and 
7 minutes, however, one can predict that the true spectrum of the 
intermediate will have a lower density at 227 my and at 280 mu 
and a higher density at 305 my than the spectrum after 1 minute 
shown in Fig. 5. 

In phosphate buffer pH 6.8, the conversion of the intermediate 
to the 7,8-dihydropteridine is so rapid that in 1 minute the 
spectrum is similar to the one shown in Tris buffer after 90 min- 
utes. The compound after this brief exposure to phosphate is 
inactive both in the TPNH oxidation assay and in the pheny]- 
alanine hydroxylation system. 

A solution of the intermediate prepared by the dye-oxidation 
procedure was tested in the phenylalanine hydroxylating system. 
The results, shown in Table II, demonstrate that the compound 
is active only in the presence of TPNH. In contrast, the un- 
treated tetrahydropteridine shows the expected activity in the 
absence of TPNH (see Equation 1). The smaller rate of reac- 
tion with the oxidized pteridine intermediate is probably due 
to its instability during the interval between its preparation and 
the assay. 

It has already been reported that when tetrahydropteridines 
are used in place of the rat liver cofactor in the phenylalanine 
hydroxylation system, TPNH can be replaced by reducing 
agents such as 2-mercaptoethanol (2). Table III shows that 
with the chemically oxidized pteridine, 2-mercaptoethanol can 
also replace TPNH. Just as with the enzymatically generated 
intermediate, however, the mercaptan is much less effective than 
TPNH on a molar basis. It should also be noted that, in con- 
trast to the stimulation of tyrosine formation by the sheep liver 
enzyme when TPNH is used as the reducing agent, when 2-mer- 
captoethanol is used the reaction is not stimulated by the sheep 
liver enzyme. The reduction of the oxidized pteridine inter- 
mediate by mercaptoethanol appears to be a nonenzymatic reac- 
tion. 

According to the formulation of the hydroxylation reaction 
shown in Equations 1, 2, and 3, a lag period in tyrosine forma- 
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tion might be expected when the intermediate is used in place 
of the tetrahydropteridine. Although only a slight lag period 
was observed when the kinetics was studied at 25°, at 17° a 
distinct lag period occurred both in the presence and absence of 
the sheep liver enzyme (Fig. 6). In control experiments with 
the tetrahydropteridine, there was no lag period at this tem- 
perature. 

The activity in the phenylalanine hydroxylation system of the 
product of the reaction between TPNH and the intermediate 
strongly suggests that this product is the tetrahydropteridine 
and indicates that the reductive reaction proceeds according to 
Equation 2. More direct evidence in support of this idea was 
obtained by separating this product from the TPNH and exam- 
ining its spectrum. The separation was achieved on a short 
column of Dowex 1-Cl- as described under ‘‘Methods.”’ 

In one experiment, the following reaction mixture was pre- 


TaBLeE II 
Activity of oxidized pteridine intermediate in 
phenylalanine hydroxylation system 

The complete system contained the following components: 
Tris buffer pH 6.8, 200 umoles; L-phenylalanine, 2.0 umoles; di- 
methyltetrahydropteridine, 0.07 umole or 2,6-dichlorophenol- 
indophenol-oxidized pteridine prepared from 0.07 umole of the 
dimethyltetrahydropteridine; glucose, 125 umoles; rat liver en- 
zyme, 0.32 mg; sheep liver enzyme, 0.08 mg; glucose dehydrogen- 
ase, 85 units. All enzymes were dialyzed against 0.03 m Tris 
pH 6.8 before use. TPNH, when added, 0.5 umole. Final vol- 
ume,1.0 ml. Incubated at 25° for 25 minutes. 


Tyrosine formed 
Pteridine added 


With TPNH | Without TPNH 


pmole 


Untreated tetrahydropteridine..... 
Dye-treated tetrahydropteridine .._ 


TaBLeE III 


Effects of TPNH and 2-mercaptoethanol on activity 
of oxidized pteridine intermediate 


The complete system contained the following components: 
Tris buffer pH 6.8, 100 umoles; L-phenylalanine, 2.0 wmoles; un- 
treated or dye-treated dimethyltetrahydropteridine (DMPH,) 
0.07 umole; TPNH, added where indicated, 0.5 wmole; 2-merecap- 
toethanol, added where indicated, 7.0 umoles; rat liver enzyme, 
0.60 mg of protein; sheep liver enzyme, added where indicated, 
0.08 mg of protein; glucose dehydrogenase, 85 units. Water 
added up to 1.0 ml. Incubated for 60 minutes at 25°. All en- 
zymes were dialyzed against 0.033 m Tris buffer pH 6.8 before use. 
The tubes were extracted with ether to remove the 2-mercapto- 
ethanol before carrying out the tyrosine determination (2). 


Tyrosine formed 


Additions 
With sheep (Without sheep 
liver enzyme | liver enzyme 


umole 


Untreated DMPHg...................... 0.048 0.047 
Dye-treated DMPH,.................... 0 


Dye-treated DMPH,; + TPNH.......... 0.285 0.183 
Dye-treated DMPH, + 2-mercaptoetha- | 
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Fic. 6. Rate of tyrosine formation in the presence of the oxi- 
dized pteridine intermediate in the presence and absence of sheep 
liver enzyme. The conditions of the experiment were the same 
as those described in Table II, except that 0.62 mg of rat liver 
enzyme was used and the temperature was 17°. 
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Fic. 7. Structure of 5,6,7,8-tetrahydropteridine and of three 
possible tautomers of dihydropteridines. 


pared: 100 uwmoles of Tris buffer pH 6.8, 1.0 umole of TPNH, 
dye oxidation product prepared from 0.3 umole of the dimethyl- 
tetrahydropteridine, and 80 yg of purified sheep liver enzyme, 
in a final volume of 1.10 ml. 


The mixture was incubated for 
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10 minutes at 25°, cooled in ice for another minute, and then 
put on a Dowex 1 column. The complete spectrum of an ali- 


quot of the combined effluent and washings was determined in | 
0.1 mM phosphate pH 6.8. The initial spectrum corresponded | 


to that of a mixture of 85% tetrahydro- and 15% 7 ,8-dihydro. 
pteridine. The spectrum of the sample was redetermined after 
various periods, and the changes were indistinguishable from 
those reported for authentic tetrahydropteridine when stored 
in 0.1 M phosphate pH 6.8 (2). 

Structure of the Intermediate—The chemical method of prepa- 
ration of the intermediate places severe restrictions on the possi- 
ble structures for the active compound. Since it can be pre. 
pared from the tetrahydropteridine by a stoichiometric oxidation 
with 2,6-dichloronhenolindophenol, the intermediate can be 
viewed as a tetrahydropteridine minus two electrons, and js 
therefore at the oxidation level of a dihydropteridine.* In sup- 
port of this conclusion are observations that the intermediate 
can be converted anaerobically to the 7 ,8-dihydropteridine, and 
that TPNH can reduce the intermediate to the tetrahydropteri- 
dine. 

The conclusion that the intermediate is at the oxidation level 
of a dihydropteridine does not permit an unequivocal assignment 
of a structure for the active compound, since there are three 
possible tautomeric forms for simple dihydropteridines, as 
shown in Fig. 7. The active compound cannot be the 7 ,8-di- 
hydropteridine, since this isomer has been prepared and is com- 
pletely inactive in the phenylalanine hydroxylating system (2). 
There is little uncertainty about the structure of the inactive 
compound, since its spectrum was essentially identical to that 
of the closely related compound, 2-amino-4-hydroxy-6-methyl- 
7 ,8-dihydropteridine, a compound which has been prepared by 
an unambiguous synthesis (8). Furthermore, synthetic dihy- 
drofolate, which is believed to be the 7 ,8-dihydro compound (6), 
also is inactive in the phenylalanine hydroxylating system (2). 

To decide between the remaining two possibilities, an experi- 
ment was performed which was based on some recent observa- 
tions concerning the optical specificity of tetrahydrofolate in 
the phenylalanine hydroxylating reaction. 


ylating system; the isomer which is synthesized enzymatically in 
either the dihydrofolic reductase (6) or the glutamic transformy!- 
ase (5) system is almost completely inactive. 

By a comparison of the structure of the isomers shown in Fig. 
7, it can be seen that carbon atom 6 in the 5,6-dihydro com- 
pound is still asymmetric, whereas it is not asymmetric in the 
5,8-dihydro compound. Therefore, if the oxidation of inactive 
l1,u-tetrahydrofolate proceeded through the 5,8-dihydro com- 
pound as an intermediate, and if this intermediate were reduced 
nonenzymatically back to the tetrahydro level, this process of 
eyclic oxidation-reduction should lead to racemization of the 
original tetrahydrofolate, and the racemization could be detected 
by the appearance of activity in the phenylalanine hydroxylat- 
ing system; i.e. these reactions should result in the conversion 
of inactive 1,L-tetrahydrolfolate to (partially) active dl-.-tetra- 


3A fresh solution of the active compound at a concentration of 
approximately 5 X 10-4 m was examined for free radicals by elec- 
tronic paramagnetic resonance spectroscopy. Under the condi- 
tions used, when the limit of detection of radicals was 1 X 10 : 
M, the results were negative. The author is grateful to Dr. Becker 
for performing the test. 

4S. Kaufman, unpublished experiments. 


It has been found | 
that only one isomer of tetrahydrofolate is active in the hydrox- | 
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TaBLe IV 
Effect of preincubation on activity of tetrahydrofolate 


The /,L-tetrahydrofolate used in Experiments 5, 6, and 7 was 
generated enzymatically from 5-formyltetrahydrofolate by an- 
aerobic incubation at 27° for 2 hours in the presence of the glu- 
tamate-transformylating system (5). The reaction mixture con- 
tained the following components (in wmoles): Tris buffer pH 6.8, 
100; -glutamate, 100; 5-formyl-l,L-tetrahydrofolate, 0.16; puri- 
fied glutamic transformylase; and water to 0.5 ml. A total of 
0.045 pmole of /,L-tetrahydrofolate was liberated. To all the 
tubes which were to be preincubated (2, 3, 5, 6, and 7), 0.5 umole 
of TPNH was added, and the samples were then incubated for 
24 hours aerobically or anaerobically as indicated in the table. 
Finally, a sample was assayed in the phenylalanine-hydroxylat- 
ing system. The reaction mixture during this last incubation 
period contained the following components: Tris buffer pH 6.8, 
100 umoles; TPNH, 0.5 umole; glucose, 125 wmoles; L-pheny!l- 
alanine, 2.0 wmoles; purified rat liver enzyme, 0.52 mg; purified 
sheep liver enzyme, 0.09 mg; glucose dehydrogenase, 85 units; 
the pteridine compound, and water up to a final volume of 1.0 
ml. The mixtures were incubated at 25° for 45 minutes. The 
tyrosine values have been corrected for the small amount which 
is formed in the absence of any added cofactor. 


Compound tested | Preincubation | Tyrosine formed 

| umole 

1. None 0.139 

2. dl-t-Tetrahydrofolate*.......... | Anaerobic 0.141 

3. dl-L-Tetrahydrofolate*.......... | Aerobic 0.120 

4. None 0 

5. l.u-Tetrahydrofolatef........... Anaerobic 0.006 

6. 1,u-Tetrahydrofolatef............ Aerobic 0.005 

7. l,u-Tetrahydrofolatef........... None 0.006 


* Quantity: 0.1 umole. 
+t Quantity: 0.023 umole. 


hydrofolate. On the other hand, if the intermediate in the 
oxidative reaction were the 5,6-dihydro compound, the original 
optical specificity of the tetrahydrofolate should be retained 
through the oxidation-reduction process and the inactive l1,tL- 
tetrahydrofolate should remain inactive. 

In addition to the optical specificity just discussed, the feasi- 
bility of this experiment depends on the nonenzymatic oxidation 
of the tetrahydropteridines to the same intermediate as that 
formed during the enzymatic hydroxylation of phenylalanine, 
and on the nonenzymatic reduction of this intermediate back 
to the tetrahydro level. 

The results of the experiment are shown in Table IV. It can 
be seen that there was no appearance of activity when the 
l,u-tetrahydrofolate was oxidized aerobically in the presence of 
TPNH (Experiment 6). During the aerobic incubation, the 
amount of TPNH which had been oxidized was twice as much 
as the amount of /,1-tetrahydrofolate which was added, indicat- 
ing that most of the pteridine had been oxidized and reduced. 
Also shown in the table is the activity of synthetic dl-.-tetra- 
hydrofolate and an essential control, showing that this com- 
pound retained almost all its activity after the aerobic incuba- 
tion in the presence of TPNH. Additional control experiments 


‘If the aerobic incubation of tetrahydrofolate is carried out in 
the absence of TPNH, all the tetrahydrofolate is rapidly oxidized 
and, concomitantly, all activity in the phenylalanine-hydroxylat- 
Ing system is lost. 
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have shown that dl-L-tetrahydrofolate is fully active when 
tested in the presence of 5-formyl-l,.-tetrahydrofolate, gluta- 
mate, and the enzyme glutamate transformylase. Finally, it 
can be calculated that under the conditions used in the phenyl- 
alanine hydroxylase assay, approximately 10% racemization of 
the tetrahydrofolate could have been detected. 

The results of this experiment suggest that the intermediate 
in the nonenzymatic aerobic oxidation of tetrahydropteridines, 
as well as in the enzymatic conversion of the phenylalanine to 
tyrosine, is the 5,6-dihydropteridine. 


DISCUSSION 


The ease of reduction of pteridines to dihydro and tetrahydro 
derivatives, as well as the lability of these reduced compounds 
to air oxidation, led to the prediction more than 20 years ago 
that pteridines might be involved in oxidative reactions in me- 
tabolism (9). 

This suggestion has recently been supported by the demon- 
stration that (a) folic acid can serve as an electron acceptor 
during pyruvate oxidation in an enzyme system isolated from 
Clostridium sticklandii (10); (b) tetrahydrofolate can act as 
electron donor in thymidylate synthesis (11); (c) tetrahydro- 
folate and other tetrahydropteridines can function as electron 
donors in the enzymatic conversion of phenylalanine to tyrosine 
(2). 

Although the metabolic significance of the susceptibility of 
tetrahydropteridines to oxidation had been appreciated, the 
mechanism of this type of reaction has not been studied in de- 
tail. 

It has generally been assumed that the oxidation of tetrahy- 
dropteridines begins with a removal of hydrogen atoms from the 
5 and 6 position rather than the 7 and 8 positions (6). The 
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Fic. 8. Hypothetical scheme involving the hydrated form of 
the 5,6-dihydropteridine. 
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ability of formylation at the N-5 position to protect the fully 
reduced pyrazine ring against air oxidation appeared to support 
this conclusion. 

The evidence which has been presented in this paper indicates 
that the oxidation of tetrahydropteridines by a wide variety of 
agents proceeds through a common intermediate, the 5,6-dihy- 
dropteridine; 7.e. the oxidation of tetrahydropteridine begins 
with a removal of hydrogen atoms from the 7 and 8 positions 
rather than from the 5 and 6 positions. The oxidants which 
have been tested include oxygen, HeQo, and 2,6-dichlorophenol- 
indophenol, as well as the phenylalanine-hydroxylating enzyme 
system. In the latter case, the primary oxidant has not been 
identified, although it is known that oxygen is the final electron 
acceptor. 

The explanation of the stability of 5-formyltetrahydrofolate 
to air oxidation must be re-examined in the light of these find- 
ings. It seems reasonable to assume that the effect of formyla- 
tion at the N-S position is not restricted to the N-5 and C-6 
positions, but rather influences the properties of the whole re- 
duced pyrazine ring. 

The existence of two isomeric forms of dihydropteridines, as 
well as the conversion of one form to the other, has been en- 
countered previously (12, 13). With the pteridines (6, 7-diaryl- 
2-ethylthio-4-hydroxy- and 4-amino-6,7-diaryl-2-ethylthiodihy- 
dropteridines) used in that study, the a form, believed to be the 
5,6-dihydropteridine, could be converted to the 7 ,8-dihydro- 
pteridine by heating in the presence of acetic acid. Although 
the pteridines used in the present study were sufficiently differ- 
ent from those used in the earlier work to preclude a quantita- 
tive comparison of stabilities, it is interesting that in both cases, 
the 5,6-dihydropteridines were relatively less stable than, and 
could be converted to, the corresponding 7 ,8-dihydropteridine. 

The results of early kinetic studies on the enzymatic conver- 
sion of phenylalanine to tyrosine suggested that TPNH func- 
tioned in the hydroxylating reaction by reducing a cofactor 
(4, 14). The role of TPNH was further delineated when the 
reaction was studied with the use of synthetic tetrahydropteri- 
dines in place of the natural cofactor. It was concluded that 
TPNH reduced an “oxidized pteridine” intermediate to the 
tetrahydro level (2), but the reaction could not be described in 
detail until the intermediate was characterized more fully. In 
the present formulation of the mechanism, shown in Equations 
1, 2, and 3, the TPNH reaction involves a reduction of the 
5,6-dihydropteridine (oxidized pteridine). An alternate possi- 
bility is that the hydrated form of the 5,6-dihydropteridine is 
reduced by TPNH, as shown in Fig. 8. 

Although this alternate possibility cannot be rigorously ex- 
cluded at the present time, there is no precedent for TPNH 
participating nonenzymatically in a reductive elimination of a 
hydroxyl group. On the other hand, the TPNH reaction shown 
in Equation 2, the reduction of a double bond system, is analo- 
gous to the reported reduction of isoalloxazines such as ribo- 
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flavin by TPNH and DPNH (15). It is interesting that ip 
both TPNH-dihydropteridine and in the TPNH-flavin systems, 
the reductive reaction can proceed nonenzymatically, in addi. 
tion to being catalyzed by specific enzymes. 

Finally, in both cases, a closely related isomer of the reactive 
compound, the 7 ,8-dihydropteridine in this case and alloxazine 
in the other study (15), cannot oxidize TPNH in the absence of 
enzymes. 


SUMMARY 


1. Results are reported of studies on the nature of the oxidized 
pteridine intermediate which is formed during the enzymatic 
conversion of phenylalanine to tyrosine. 

2. Evidence is presented which indicates that the same inter- 
mediate is formed during the aerobic, nonenzymatic oxidation 
of tetrahydropteridines. 

3. The intermediate can be prepared chemically, in good 
yield, by the oxidation of tetrahydropteridines with 2 , 6-dichloro- 
phenolindophenol. All the properties of this product are identi- 
cal with those of the intermediate formed during the enzymatic 
hydroxylation reaction. 

4. The intermediate has been characterized as the 5,6-dihy.- 
dropteridine or a compound in equilibrium with the 5,6-dihy- 
dropteridine. 

5. The mechanism of both nonenzymatic and enzymatic ovi- 
dation of tetrahydropteridines is discussed in the light of these 
findings. 


Acknowledgment—The author wishes to thank Mr. Richard 
Funk for skillful technical assistance during the course of this 
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The incorporation of amino acids into lipid-soluble substances 
by various tissues has been reported by a number of workers 
(2-9). These findings are provocative in that they suggest 
additional and poorly understood metabolic reactions of amino 
acids and lipids, and even nonenzymatic combinations (10). In 
some instances there has been an effort to relate these findings 
to protein synthesis (2, 3, 8, 9). 

It was previously shown in this laboratory (4, 5), by the use of 
cell-free preparations of rat liver, that amino acids were incor- 
porated into lipoidal substances by microsomes as well as by 
particle-free supernatants. The incorporation did not require 
an external source of energy and was not affected by conditions 
which markedly inhibited the incorporation of amino acids into 
protein. It was shown that the lipoidal material was in the non- 
phosphatide fraction and that the amino acid was associated 
with this substance through a covalent chemical linkage. Al- 
though we have not been able to derive any support from our 
own work for the participation of the lipo-amino acid compounds 
in protein synthesis, and on the contrary, have been led to the 
opposite conclusion, we have continued our study of the forma- 
tion and nature of these compounds. In this communication we 
wish to record the separation of the enzyme system, which being 
free from the endogenous ‘‘acceptor” lipids of the cruder prep- 
aration used earlier, shows a dependence on added lipids and 
hence has permitted us to study the behavior of individual 
lipids, and to obtain specific lipoidal products, which are identi- 
fied as the N-fatty acy] derivatives of the amino acid supplied, 
i.e. phenylalanine. 


EXPERIMENTAL PROCEDURE 


Materials—pu-Phenylalanine-3-C“ was purchased from Volk 
Radio-Chemical Company. The lipid-soluble radioactive con- 
taminant present in this specimen could be removed almost com- 
pletely by repeated extraction of the aqueous solution with ether. 
Silicic acid, 100 mesh, suitable for chromatographic analysis, 
was purchased from Mallinckrodt Chemical Works. The venom 
of Crotalus adamanteus used as the source of L-amino acid oxidase 
was obtained from Ross Allen’s Reptile Institute. An ether 
solution of lithium aluminum hydride was generously donated 
by Dr. A. Tsukamoto, to whom we are additionally indebted for 
his helpful advice on the use of this reagent. Crystalline car- 
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boxypeptidase was purchased from Worthington Biochemical 
Corporation. was synthesized 
from pu-phenylalanine (Nutritional Biochemicals Corporation) 
and palmitoyl chloride (The Matheson Company, Inc.) accord- 
ing to Hopwood and Weizmann (11). Diisopropylfluorophos- 
phate and physostigmine salicylate were kindly donated by Dr. 
A. K. Balls and Dr. Egil Ramstad, respectively. 

Preparation of Enzyme Extracts—Livers which were quickly 
removed from 350- to 400-g male albino rats killed by decapita- 
tion were cooled in small beakers held at —10°. Each liver, 
weighing about 14 to 16 g, was homogenized in 300 ml of acetone 
(—20°) in a Waring Blendor for 3 minutes. The homogenate 
was filtered rapidly through a Buchner funnel; the residue re- 
maining on the filter paper was washed with 100 ml of cold di- 
ethyl ether (—20°) and dried overnight in a vacuum desiccator 
over silica gel (acetone powder I). The filtrate and washings 
were concentrated, in a vacuum, to serve as the “crude lipid 
extract [.”’ 

The acetone powder was suspended in 10 times its weight of 
0.05 m phosphate buffer pH 7.2 by grinding in a small mortar. 
The suspension thus obtained was effective in catalyzing the in- 
corporation of phenylalanine into a lipid-soluble substance with- 
out the need of external lipid. In order to remove the residual] 
lipid, the above suspension was kept at 37° for 3 hours with 
mechanical shaking. After the incubation, the suspension was 
poured slowly into 400 ml of acetone (—20°) in a vigorously 
stirring Waring Blendor. The residue was collected by filtra- 
tion and dried as above (acetone powder II). 

The filtrate and washings obtained from the final acetone 
treatment were combined and concentrated in a vacuum, to 
serve as the “crude lipid extract II.” 

Acetone powder II was suspended in 10 times its weight of 
0.05 m Tris-maleate buffer pH 8.2. The suspension was then 
centrifuged for 15 minutes at 80,000 x g. The clear, reddish 
supernatant was designated “soluble enzyme.” 

For use in experiments in which the amino acid-lipid compound 
was to be isolated from the reaction mixture, the soluble enzyme 
solution was half-saturated with ammonium sulfate. The pre- 
cipitate which contained 90% of the enzyme activity was col- 
lected by centrifugation, taken up in a minimal quantity of water 
and dialyzed against distilled water overnight in order to remove 
endogenous amino acids (amino acid-free soluble enzyme). 

Fractionation of Crude Lipid Extract—The crude lipid ex- 
tract II, described above, was fractionated by silicic acid column 
chromatography. In the experiment reported, 159 mg of the 
lipid suspended in 10 ml of hexane were added to a column (2.8 
cm in diameter, containing 30 g of silicic acid and 15 g of Super- 
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Cel) which was prepared according to Hanahan et al. (12, 13). 
The column was successively eluted with 250 ml of hexane, 5% 
ether in hexane, 15% ether in hexane, 50% ether in hexane, ether, 
5% methanol in ether, and methanol. The material eluted with 
methanol was considered to be the phospholipid fraction. The 
remaining eluates were combined to give the nonphospholipid 
fraction. This fraction was shown in a preliminary experiment 
to be free from detectable phosphorus. 

Determination of Incorporation of Amino Acids into Lipid- 
soluble Product—The incubations were carried out for the desig- 
nated times in small beakers at 37° with gentle agitation in a 
Dubnoff metabolic shaker. The lipids used were added as sus- 
pensions prepared by adding a small volume of an ether or ethanol 
solution of the lipid to a larger volume of water. To insure a 
uniform suspension, the mixture was heated briefly in a boiling 
water bath, and then shaken mechanically. The enzymatically 
produced amino acid-lipid products were obtained by organic 
solvent extraction of the material precipitated by trichloroacetic 
acid, as described previously (5). Aliquots of the concentrated 


TABLE I 


Incorporation of C'4-phenylalanine into lipid-soluble substance by 
various preparations of rat liver 


Each vessel contained 1 ml of rat liver preparation, 0.4 umole 
of pL-phenylalanine-3-C'™ (550,000 ¢.p.m.), 0.5 ml of crude lipid 
suspension (16 mg) when lipid extract was added, and water to 
give a final volume of 2ml. The suspensions of the acetone pow- 
ders were made in medium A of Keller and Zamecnik (14) equal to 
10 times the weight of the powder. The supernatants were ob- 
tained by centrifuging the suspensions at 80,000 X g for 15 min- 
utes. After incubation with mechanical shaking for 5 hours, the 
lipid-soluble fractions were prepared from the trichloroacetic 
acid-precipitable material (see ‘‘Experimental Procedure’’): All 
radioactivities shown were corrected for zero time controls and 
represent the total radioactivity incorporated in the reaction 
mixture. 


Radioactivity incorporated 
Enzyme source 
- was Crude lipid | Crude lipid ex- 
No addition | extract I added tract Il added 
c.p.m. c.p.m. c.p.m. 
Suspension of acetone 
Supernatant from suspen- 
sion of acetone powder I. . 30 225 600 
Suspension of acetone pow- 
Supernatant from suspen- 
sion of acetone powder II. 90 740 2040 
TaBLeE II 


Effect of rat liver lipids on C'4-phenylalanine incorporation 
Conditions were the same as those given in Table I, except that 
the soluble enzyme was used throughout. 


Lipid | Weight of lipid ae 
| meg c. p.m. 
Crude lipid extract........... 15.9 1720 
Nonphospholipid fraction..... 1.6 705 
Phospholipid fraction......... 13.5 1100 
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lipid extracts were plated on roughened glass disks and dried 
under a heat lamp. Radioactivity was measured in a Nuclear. 
Chicago gas flow counter fitted with a Micromil window (5). 

Formation of a-Amino-B-phenylpropanol from N-Acyl Phenyl- 
alanine—The lipid-phenylalanine compound was reduced before 
acid hydrolysis. One milliliter of an ether solution of the iso. 
lated compound (790 ¢.p.m., 0.3 mg) was mixed with 0.5 ml of 
1.4 m LiAIH, in ether and kept for 30 minutes at room temper- 
ature. HO (1 ml) was added to decompose the excess hydride. 
After the reaction mixture was acidified with HCl and diluted 
with about 3 ml of H.O, the product was removed by extraction 
with three 5-ml portions of ether. The combined ether extracts 
were concentrated, washed with H,0, and hydrolyzed overnight 
at 110° with 6 nN HCl in a sealed tube. Authentic a-amino-- 
phenylpropanol, required as a reference substance, was prepared 
by reduction of pi-phenylalanine-3-C™ with LiAlH, as described 
above. The product, being available in only a small quantity, 
was not further purified. It gave rise to but a single peak when 
chromatographed on paper and scanned, and was free from de- 
tectable radioactive phenylalanine. 


RESULTS 


Incorporation of Phenylalanine into Lipid-soluble Compounds— 
The effectiveness of various preparations of rat liver in promot- 
ing the incorporation of phenylalanine into lipid-soluble fraction 
is presented in Table I. The untreated acetone powder (ace- 
tone powder I) catalyzed a readily demonstrable formation of 
the lipid-soluble product when suspended in buffer and incubated 
with C'-phenylalanine. The readdition of the acetone extract 
of rat liver (crude lipid extract 1) to the system did not enhance 
its activity. Centrifuging the suspension resulted in the com- 
plete sedimentation of the enzymatic activity. Prolonged in- 
cubation of the acetone powder suspended in pH 7.2 phosphate 
buffer followed by re-extraction with cold acetone caused a con- 
siderable loss of activity. Activity was fully regained when the 
second acetone extract (crude lipid extract II) was ‘added. The 
supernatant solution obtained from the suspension of acetone 
powder II was also inactive, as could be expected. However, 
here too, the addition of the crude lipid extract II resulted in the 
restoration of considerable activity. The amount of activity 
which could be regained by the addition of the crude lipid eyx- 
tract If was much greater with the supernatant of acetone pow- 
der II than with the supernatant of acetone powder I. 

The crude lipid extract II was resolved into phospholipid and 
nonphospholipid fractions by silicic acid column chromatography. 
However, both fractions served as substrates for the incorpora- 
tion (Table II). Similar results were obtained with the phos- 
pholipid and nonphospholipid fractions derived from the crude 
lipid extract by the method of Hanahan et al. (12). Results ob- 
tained with some known lipids appear in Table III. Monoolein 
as the a isomer was the most effective of the glycerides tested 
as replacements for the lipid extract. Triolein and tripalmitin 
were almost without effect. Rather unexpectedly, free oleic and 
palmitic acids functioned better than any of the glycerides in the 
formation of the phenylalanine-lipid compound. Lecithin also 
showed relatively good activity. It should be noted, in view of 
the good activity of the free fatty acids, that the monoolein used 
in these experiments contained no detectable free acid; the 
monopalmitin and the lecithin used were not tested. In addi- 
tion to phenylalanine, several other amino acids were tested as 
substrates with the soluble extract, with monoolein as the lipid 
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substrate. Thus, under conditions similar to those to be de- 
scribed in Fig. 3 (except that 1.15 we of the radioactive amino 
acid were added), glycine-2-C™, pi-leucine-1-C', pi-lysine-1-C", 
pi-valine-1-C'4, and pDL-alanine-1-C' were incorporated in the 
amounts of 2270 c.p.m., 1685 c.p.m., 825 ¢.p.m., 770 ¢.p.m., and 
425 c.p.m., respectively, as compared with pui-phenylalanine-3- 
C4, 2270 c.p.m. The quantities of amino acids added were, 
respectively, 0.24, 0.22, 0.36, 0.39, 0.28, and 0.27 umole. 

Enzymatic Nature of Reaction—The amount of the phenyl- 
alanine-lipid compound formed depended on the quantity of 
enzyme solution added (Fig. 1). In the absence of enzyme, no 
incorporation was observed. Saturation with lipid (Fig. 2) or 
with phenylalanine (Fig. 3) was not approached in the range of 
concentrations studied. 

The heat stability of the enzyme was determined in the follow- 
ing manner. Aliquots of the soluble enzyme (1 ml) were held at 
55° for various periods of time and then centrifuged to remove 
the precipitates formed, which were washed with water. The 
combined supernatant and washings were diluted to 1.4 ml and 
incubated with 0.4 umole of pi-phenylalanine-3-C™’ and 5 mg 
of monoolein for 2 hours. The washed protein precipitates were 
weighed after drying for 2 hours. If the quantity of protein 
precipitated by heating for 5 minutes at 100° was taken as 100%, 
the quantity of protein remaining unprecipitated after 5, 10, and 
15 minutes at 55° was, respectively, 61, 51, and 48%. The 


TaBLeE III 
Incorporation of C'4-phenylalanine using pure lipids 


Each vessel contained 1 ml of the soluble enzyme, 5 mg of lipid, 
and 0.4 umole of pL-phenylalanine-3-C' (550,000 c.p.m.) in a final 
volume of 1.6 ml. Incubation was carried out for 2 hours. 


Lipid | C'4-phenylalanine 


| incorporation 
| c.p.m. 
3 
Beh 
x< 
= 
a 
l L L 
Q25 0.5 0.75 1.0 
ML. ENZYME 


Fig. 1. The incorporation of C'4-phenylalanine into lipo-amino 
acid as a function of the quantity of enzyme. Each vessel con- 
tained 0.4 umole of pL-phenylalanine-3-C™ (550,000 ¢c.p.m.), 0.5 
ml of crude lipid extract (16 mg), enzyme solution in the volumes 
indicated, and sufficient water to give a final volume of 2 ml. Sol- 
uble enzyme was used in this experiment but was twice as concen- 
trated as the usual preparation described in ‘‘Experimental Pro- 
cedure.” The mixtures were incubated for 2 hours. 
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LIPID (MG) 
Fic. 2. The incorporation of C'4-phenylalanine into lipo-amino 


acid as a function of the quantitiy of lipid extract. Each vessel 
contained 0.4 umole of pL-phenylalanine-3-C", 1 ml of the soluble 
enzyme, the indicated amounts of crude lipid extract, and sufficient 
water to give a volume of 2ml. The mixtures were incubated for 


2 hours. 
6 T T T 
? 
x< 
: 
1 2 3 4 


$-ALA-c'* (UC) 

Fic. 3. Incorporation of C'-phenylalanine into lipo-amino 
acid as a function of the quantities of phenylalanine. Each vessel 
contained 1 ml of the soluble enzyme, 0.5 ml of monoolein sus- 
pension (5 mg), the indicated amounts of pL-phenylalanine-3-C 
(2.5 we per umole), and water to give a final volume of 2ml. Incu- 
bations were for 2 hours. 
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Fic. 4. Effect of pH on the incorporation of C'4-phenylalanine 
into lipo-amino acid. Each vessel contained 1 ml of soluble en- 
zyme prepared from acetone powder II with water instead of 
buffer, 0.4 umole of pL-phenylalanine-3-C", 0.5 ml of crude lipid 
extract (16 mg), 1 ml of the indicated buffer (0.5 M and water to give 
a final volume of 3ml. Tris O; sodium carbonate-borate @. The 
mixtures were incubated for 5 hours. 


corresponding amounts of enzyme activity remaining in solution 
were 38, 22, and 6%. 

The pH optimum for the reaction was found to be approxi- 
mately 9.0 when the crude acetone extract of rat liver was used 
as the source of lipid (Fig. 4). Considerable activity persisted 
at pH 11.0 and at physiological pH. 

The possibility that the observed reaction might be due to a 
reversal of the hydrolytic action of a glyceride esterase was tested 
by adding a 1090-fold molar excess of glycerol in an effort to 
depress the formation of the radioactive phenylalanine-lipid by 
the soluble enzyme in the presence of palmitic acid, but the re- 
action was not greatly affected; the lipo-amino acid containing 
2570 c.p.m. as compared to 3080 c.p.m. for the control. 
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Adding a 50-fold molar excess of unlabeled t-phenylalanine 
produced virtually no depression in incorporation. The product 
contained 2955 c.p.m., the control being the same as above. 

In order to examine the possible relationship between this 
enzyme and previously described esterases and carboxypepti- 
dase, several specific inhibitors were tested. The formation of 
N-palmitoy] phenylalanine from palmitic acid and phenylalanine 
was inhibited 68° by 6.8 x 10-3 m diisopropylfluorophosphate 
and 48% by 1.0 X 10-3 m physostigmine, but not by 2.0 x 10-° 
mM hydrocinnamic acid. The reactions were carried out essenti- 
ally as described in Fig. 1, but the enzyme in this case was ob- 
tained by extracting acetone powder II with 0.05 m Tris buffer 
pH 7.5. The enzyme solution was incubated with the inhibi- 
tors for 40 minutes before the addition of the substrates. 

Crystalline carboxypeptidase (1.0 mg) was entirely without 
effect in catalyzing the combination of pi-phenylalanine-3-C™ 
and palmitic acid. The experiment was performed under the 
same conditions as used with the liver enzyme. 

Nature of the Amino Acid-Lipid Compound—The lipid-soluble 
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Fia. 5. Silicie acid column chromatography of the product de 
rived from C'#-phenylalanine and monoolein. Thirty ml of the 
amino acid-free soluble enzyme (equivalent to 15 g of acetone 
powder II) was incubated with 2 wmoles of pL-phenylalanine (5 
uc), 2 mmoles of unlabeled pL-phenylalanine and 5 g of monoolein 
in a final volume of 130 ml. The lipid soluble fraction was ex- 
tracted as previously described. The extract was partially hy- 
drolyzed with 1 N HCl in a boiling water bath for 1 hour. The 
ether extract from the partial hydrolysate was concentrated and 
washed with water. This solution, containing 30,600 c.p.m. and 
4.3 g of lipid, was passed through a column (28 mm diameter) con- 
taining 30 g of silicic acid and 15 g of Super Cel (12,13). The col- 
umn was eluted successively with 20% ether in hexane, 50% ether 
in hexane, and 100% ether. Twenty-five ml fractions were 
collected for determination of radioactivity and weight. 
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Fic. 6. Paper chromatography and radioautography of the 
hydrolysis product of the original and reduced lipid-phenylalanine 
compound. Arrow indicates direction of solvent flow. Rectan- 
gular strips represent paper chromatographic strips after treat- 
ment with ninhydrin. Crosshatched areas indicate feeble ninhy- 
drin response; open circles indicate strong ninhydrin response. 
Broken lines indicate radioactivity as shown by recording scanner. 
The chromatographic procedure was described earlier (5). 


Enzymatic Formation of Lipo-amino Acids 


Vol. 236, No. 3 


fraction obtained by the action of the amino acid-free soluble 
enzyme on DL-phenylalanine-3-C™ and monoolein was treated 
with N-HCl at 100° for 1 hour to hydrolyze the unreacted mono- 
olein and then chromatographed on a silicic acid column (Fig. 5), 
It is unlikely that the reaction product was affected by this 
treatment, for the position of the radioactive product on paper 
chromatography was the same before and after the mild hy- 
drolysis. The extract was separated into two main fractions, 
The first to be eluted corresponded to free oleic acid. The 
second fraction, which was radioactive, was further purified by 
repeating the mild acid hydrolysis and rechromatographing until 
constant specific activity was obtained. The specific activity 
on a weight basis of the isolated product, 2630 c.p.m. per mg, 
agreed well with the value 2920 c.p.m. per mg calculated on the 
assumption that the product was composed of radioactive pheny]- 
alanine and nonradioactive oleic acid in 1:1 molar ratio. After 
this material was refluxed for 1 hour with 1 N ethanolic HC! or 
KOH, virtually all the radioactivity could be recovered in the 
ether-soluble portion. However, this compound was hydrolyzed 
almost completely on heating with 6 N ethanolic HCl in a sealed 
tube at 110° for 24 hours. When this hydrolysate mixture was 
extracted with ether, 11 ¢.p.m. out of 1580 ¢.p.m. in the original 
material were taken up in the ether layer. The aqueous layer 
was evaporated to dryness and refluxed with 1 ml of 2 N aqueous 
HCl for 1 hour in order to hydrolyze any ethyl ester which was 
present. The water-soluble fraction of the 2 N HCl hydrolysate 
was then chromatographed on paper and identified as phenyl- 
alanine (Fig. 6). Although other ninhydrin-positive spots were 
observed on the chromatogram, the quantity of those compounds 
was far less than that of the phenylalanine, judging from the 
color intensity of the spots. 

Phenylalanine isolated from a similar experiment was examined 
with L-amino acid oxidase (Crotalus adamanteus venom) to de- 
termine the stereospecificity of the incorporation reaction. A 
suspension of 2.5 mg of venom in 1.0 ml of 0.02 m Tris buffer 
pH 7.4 was mixed with 0.9 ml of water containing the phenyl- 
alanine to be tested (3470 ¢.p.m.). Several drops of toluene 
were added as a preservative. After 28 hours at 24° the mixture 
was passed through a column of Dowex 50, H+ form (X-8, 200 
to 400 mesh; 10 mm in diameter, 45 mm long). After the col- 
umn was washed with 10 ml of H.O to remove the deaminated 
product, the unreacted phenylalanine was eluted with 6.0 ml of 
4 n NH,OH and its radioactivity determined. Only 280 c.p.m. 
appeared to have resisted the action of the amino acid oxidase. 
The original pi-phenylalanine-3-C™, after removal of about 5% 
nonamino acid impurity, was 50% destroyed under the same con- 
ditions. This suggested that it was predominantly the L form 
of phenylalanine that was incorporated into the phenylalanine- 
lipid derivative by rat liver enzyme. 

When the lipo-amino acid was reduced with lithium aluminum 
hydride before the hydrolysis at 110°, no radioactive phen- 
ylalanine appeared on paper chromatography, but a new 
radioactive component which coincided in position with a-amino- 
B-phenylpropanol was present. It thus appears that phenyl- 
alanine is bound through its amino group, with its carboxy! 
group free. This mode of combination was further confirmed 
by an experiment using carboxypeptidase. The phenylalanine- 
lipid compound was hydrolyzed almost completely by the pro- 
longed action of carboxypeptidase (Table IV). It is therefore 
probable that the compound formed from phenylalanine and 
monoolein is V-oleoylphenylalanine. 
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TABLE IV 


Action of carboxypeptidase on isolated 
lipid-phenylalanine compound 


The isolated compound (790 c.p.m., 0.3 mg) suspended in 1 ml 
of water was incubated with crystalline carboxypeptidase (500 ug 
in 0.5 ml of 10% LiCl) for 5 hours at 37° with mechanical shaking. 
The reaction was stopped by heating, and the mixture was ex- 
tracted with ether. After washing with water, the radioactivity 
of the ether extract was determined. The extract was recovered 
after counting and subjected to further incubation with carboxy- 
peptidase. In the control from which carboxypeptidase was 
omitted, the recovery was virtually quantitative at all stages. 


No. of incubations Radioactivity in ether-soluble fraction 
c.p.m % of original 

0 790 100 

1 140 18 

2 56 7 

3 34 4 


3-— = 

SO%ETHER SO%ETHER 100%ETHER 
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Fic. 7. Cochromatography of synthetic WN - palmitoyl - pL- 
phenylalanine with the product from C'*-phenylalanine and pal- 
mitic acid. The isolated product (7820 c.p.m., 0.3 mg) was mixed 
with cold synthetic N-palmitoyl phenylalanine (9.2 mg) and chro- 
matographed by the procedure as described for Fig. 5, but scaled 
down one-tenth. Since the purified product weighed far less than 
the admixed carrier, the weight of each fraction as shown in the 
figure represents essentially the weight of the carrier. 


The nature of the lipo-amino acid was further established by 
cochromatography of synthetic -palmitoyl-pL-phenylalanine 
with the product derived enzymatically from phenylalanine and 
palmitic acid (Fig. 7). 

When the isolated lipo-amino acid was incubated with the 
soluble enzyme, it was almost completely hydrolyzed to a radio- 
active substance which was no longer ether-soluble, as shown in 
the following experiment. Putative N-palmitoylphenylalanine 
(302 c.p.m.), which was prepared and isolated as above, was 
suspended in 0.5 ml of water and incubated with 1 ml of the 
soluble enzyme at 37° for various periods of time. After incu- 
bation, the mixture was extracted with ether three times. The 
ether extracts were combined and counted, after washing with 
water. The percentage of hydrolysis, calculated on the basis of 
ether-soluble radioactivity remaining, was 68, 84, 93, and 97 
after 1, 2, 5, and 18 hours, respectively. 


DISCUSSION 


The experimental data presented here provide direct evidence 
that V-fatty acid acyl derivatives of phenylalanine can be formed 
from phenylalanine and various lipids including free fatty acids 
by a rat liver enzyme system. This type of compound has not 
previously been isolated from biological materials. 

The observed reaction, unlike the usual acylation reactions 
(15), does not require the addition of ATP or coenzyme A, nor 
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does overnight dialysis of the soluble enzyme preparation against 
distilled water seriously reduce its activity. It is significant 
that the isolated compound (N-palmitoylphenylalanine) was 
almost completely hydrolyzed by the prolonged action of the 
same enzyme preparation which catalyzed its synthesis from 
palmitic acid and phenylalanine. These observations suggest 
that the reaction may be merely a reversal of an enzymatic hy- 
drolysis. Such reverse hydrolyase reactions have been noted 
for a number of enzymes including proteinases (16), lipases (17) 
and acetylcholinesterase (18). The observation that a 50-fold 
dilution of the radioactive phenylalanine with unlabeled phenyl- 
alanine did not reduce the incorporation of radioactivity into the 
product is to be expected if the extent of the reversal is propor- 
tional to the concentration of the amino acid. 

Two different mechanisms for the formation of V-acyl phenyl- 
alanine may be considered. In one case the enzyme, which, it 
is postulated, catalyzes the reversal of a hydrolytic reaction, 
might be specific for the amino acid portion of the combination, 
as for instance, carboxypeptidase. In the other case, the enzyme 
might resemble many of the esterases or acylases and possess a 
specificity for the acyl moiety of the combination. However, 
carboxypeptidase, which is indeed capable of hydrolyzing the 
N-acyl compound, was ineffective in catalyzing its formation. 
Furthermore, the specific inhibitor of carboxypeptidase, hydro- 
cinnamic acid (19), did not interfere with the production of the 
N-acyl compound. The inhibitory action of diisopropylfluoro- 
phosphate and of physostigmine, both inhibitors of various 
esterases, is in accord with the proposition that the enzyme is 
an “acyl” esterase although the action of the enzyme preparation 
on simple (nonamino acid-containing) esters remains to be stud- 
ied. The failure of a large excess of unlabeled glycerol to inter- 
fere with the production of the labeled N-acyl compound sug- 
gests that the reaction is not due to an ordinary glyceride esterase, 
although it is conceivable that the enzyme, which might react 
both with acyl glycerol compounds and with acyl amino acid 
compounds, might have been so grossly unsaturated with respect 
to substrate under the conditions of the experiment that the 
incorporation of C'-phenylalanine was not impaired. An N- 
acylase which is highly specific for L-amino acid derivatives (20) 
is already known to occur in various animal tissues including 
kidney and liver (21). The reversal of hydrolysis by this en- 
zyme has been reported with short chain fatty acids and a variety 
of amino acids (22, 23). The activity of certain glycerides and 
phospholipids in our system may be explained by assuming that 
these compounds were first hydrolyzed to give free fatty acids 
by contaminating esterases in the enzyme preparation, although 
no effort has yet been made to establish their presence. The 
formation of this type of compound by the action of the soluble 
enzyme preparation can account for the incorporation of C'- 
phenylalanine into lipoidal substances that we have observed 
with the use of microsomes and particle - free supernatants 
prepared from rat liver (4,5). Although the product of the cell- 
free system could be only partially purified, because of con- 
tamination by endogenous lipids and amino acids from the orig- 
inal extract, the characteristics of the product were similar to 
those of the compound that we isolated in the present experi- 
ments. These substances behave alike on silicic acid chromatog- 
raphy (5), they show similar behavior on acid hydrolysis (4), 
and incubation with carboxypeptidase liberates C'4-phenylalanine 
from both products. The stimulation of the incorporation by 
crotoxin (4, 5) can be explained by assuming that this enzyme 
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provided the incorporating system with free fatty acids. Al- 
though the lipid-soluble amino acid compounds reported by 
other investigators (2, 3, 6-10) have not been identified as spe- 
cific compounds, it is likely that some of these substances will 
turn out to be similar to those described here. 


SUMMARY 


A soluble enzyme preparation has been obtained from rat 
liver which catalyzed the incorporation of phenylalanine into 
lipid-soluble substance only in the presence of added lipids. 
The product formed in systems containing pui-phenylalanine 
and either monoolein or palmitic acid has been identified as an 
N-fatty acid acyl derivative of phenylalanine. 
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It has been reported (2) that extracts of Escherichia colt PA15 
(a mutant requiring serine or glycine for growth) prepared from 
cells grown on a medium containing vitamin By, contain a fac- 
tor which is required for methionine synthesis from homocyste- 
ine. The need for this factor is apparent only when tetrahydro- 
folate is employed as a carrier of precursors of the methyl group. 
Either carbon 3 of serine or formaldehyde can serve as precur- 
sor. The present paper extends the earlier report and includes 
data on the purification of the factor which is a vitamin Byp- 


containing protein. 


EXPERIMENTAL PROCEDURE 


Growth of E. coli PA15—This organism was grown without 
aeration at 37° in 300 liter batches in a stainless steel tank made 
available by Dr. J. C. Keresztesy of the National Institute of 
Arthritis and Metabolic Diseases. The medium (2) minus 
glucose was autoclaved at 115° for 15 minutes. The glucose 
solution (6 liters brought to pH 5.4 by addition of 0.5 g of 
KH.PO,) was autoclaved separately at 115° for 5 minutes. 
When B,. was to be included in the medium, 0.6 ml of a sterile 
solution (1 mg per ml, autoclaved 5 minutes at 115°) was added 
to the autoclaved glucose solution. After inoculation with 6 
liters of a 16-hour culture grown on minimal medium and gly- 
cine, the incubation was continued for 19 hours. The cells were 
collected in a Sharples centrifuge (yield, 220 g of moist cells), 
suspended in 150 ml of H,0, and either stored at —20° or con- 
verted to an acetone-dried powder (2). 

Preparation of Extracts—Dialyzed extracts of acetone-dried 
organisms grown in the absence of Bis, herein referred to as 
assay extracts, were prepared as described (2). Extracts stored 
at —20° were stable for at least 3 months. 

Extracts rich in By protein were prepared from frozen Byp- 
grown organisms by diluting 15 ml of the thawed cell suspension 
to 50 ml with 0.01 m potassium phosphate, pH 7.8, and disrupt- 
ing them in a Raytheon 10-ke sonic oscillator (chilled with ice 
water) for 15 minutes, followed by centrifugation in a Spinco 
model L centrifuge (head No. 21) at 30,000 x g for 1 hour. 
The supernatant contained 15 to 22 mg of protein per ml. 
Acetone-dried By. grown cells treated in a similar way yielded 
an extract with half the B,2 protein activity per milligram of 
protein. 

Fractionation of Sonic Extracts: (a) Ammonium Sulfate—Solid 


* A preliminary report of this investigation has been made (1). 

t Present address; Department of Pharmacology, Tufts Uni- 
versity School of Medicine, 136 Harrison Avenue, Boston 11, 
Massachusetts. 


ammonium sulfate (0.21 g per ml) was added with stirring over 
a 30-minute period, and the stirring was continued for 30 min- 
utes at 3°. The precipitate was collected by centrifugation 
(0 to 30% saturation) and to the supernatant was added 0.07 g 
of ammonium sulfate per ml and the resultant precipitate again 
collected (30 to 40% saturation). This latter step was repeated 
2 more times (to provide fractions precipitating at 40 to 50 and 
50 to 60% saturation). Each precipitate was dissolved in 0.01 
M potassium phosphate, pH 7.8. 

(6) Cas(POs)2 Gel—To 1 g of freshly prepared Ca3(PO,)2 gel 
suspended in 17 ml of H.O, were added 16 ml of a 0 to 35% 
ammonium sulfate fraction containing 13 mg of protein per ml. 
The mixture was stirred for 30 minutes at 3°, centrifuged, and 
the supernatant (gel supernatant) retained. The precipitate 
was stirred with 20 ml of 0.01 m potassium phosphate for 30 
minutes and centrifuged. This procedure was repeated with 
0.05, 0.1, and 1.0 m phosphate. 

(c) DEAE Chromatography—A DEAE-cellulose (Eastman 
Organic Chemicals) column, 7.5 X 12 em, was washed first with 
4 liters of 1 M potassium phosphate, pH 7.8, then with 4 liters 
of water, and chilled to 5° in the cold room where the chroma- 
tography was carried out. Sonic extract, 60 ml (21.5 mg of 
protein per ml), was pipetted onto the column and eluted batch- 
wise with increasing concentrations of potassium phosphate, 
pH 7.8, as follows: Fraction 1, 200 ml, 0.01 m; Fraction 2, 200 
ml, 0.05 mM; Fraction 3, 200 ml, 0.1 mM; Fraction 4, 200 ml, 0.2 
M; Fraction 5, 200 ml, 0.3 M; Fraction 6, 100 ml, 0.4 m; Frac- 
tions 7 to 13, 50 ml, 0.4 M; Fraction 14, 400 ml, 1.0 m. 

In Experiment IV (Table I), 100 ml of the 0.05 m potassium 
phosphate eluate from the Ca3(PO,)2 gel was further fractionated 
on DEAE-cellulose as described in the preceding paragraph. 
The most active fractions (200 to 330 ml of 0.4 m potassium 
phosphate in this particular run) were pooled and dialyzed for 3 
hours against distilled water (4 liters changed every hour) at 3°. 
This solution (volume now 160 ml) was lyophilized, the solid 
was suspended in 5 ml of HO, and the insoluble material re- 
moved by centrifugation. 

Materials—dl ,u-Tetrahydrofolic acid was prepared as de- 
scribed (3). It was 90% pure as measured by its ability to 
bind formaldehyde (3). Oxidized tetrahydrofolate was pre- 
pared by allowing 1 ml of a 0.01 m solution in 1 m potassium 
phosphate, pH 7.8, to stand exposed to air overnight at room 
temperature, followed by shaking on a mechanical shaker for 
3 hours. The solution changed from a light yellow to a deep 
orange color during this treatment. 

The natural stereoisomer of tetrahydrofolate (/,L-tetrahydro- 
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Methionine Synthesis in E. colt 


TABLE I 
Correlation of vitamin By2 content and ability to promote methionine synthesis 


Protein Activity units*/mg protein! Biz Activity units*/mug By 
mg | mug/mg protein 
I. (NH4) 280, fractionation | | 
340 | 117 9.5 | 12.3 
25 0 | 2.8 0 
30 150 | 16.7 9.0 
| 
Recovery 56% 81% | 83% 
Ca3(PO,)2 gel 

(NH,)2SO,, 0-35% saturation................ 208 340 19.3 17.6 
Buffer supernatant, 0.01 M............ 23 240 18.0 13.3 
Buffer supernatant, 0.05 M.................. 48 960 56.0 17.1 
Buller supormatent, M.......... 29 240 13.3 18.0 
Buffer supermatant, 1.0 m................... 21 66 5.8 11.4 

Recovery 91% 85% 96°% 

III. DEAE chromatography 
Fractions 1 to 5combined.................. 362 0 4.5 0 
37 | 1,540 | 42.2 36.6 
Praction 10........ 48 | 1,145 | 37.0 31.0 
‘ — Recovery 72% | 79% | 82% 
| 
IV. Combination of I, II, and III | 

(NH,)2SO,, 0-35% saturation................ 4,340 | 22.8 
Ca;(PO,)2 gel, 0.05 M supernatant........... 444 | 2,800 86.0 32.6 
Combined DEAE fractions. ................. 50 | 7,000 260.0 26.9 

Recovery 0.4% | 8% 8% | 


* An activity unit is the ability to synthesize 1 wg of methionine in 3 hours under the assay conditions described in Fig. 1. 


folate) was generated from 9 uwmoles of horse liver 5-formyl-l,L- 
tetrahydrofolate (4) by incubating it with 72 umoles of L-gluta- 
mate, 200 umoles of potassium phosphate, pH 7.8, and 80 units 
of transformylase (5) for 3 hours at 37° under hydrogen in a 
Thunberg tube, in a total volume of 1 ml. Microbiological 
assay with Pediococcus cerevisiae (ATCC 8081) showed that 6 
umoles of 5-formyl-l,L-tetrafolate remained, 3 wmoles having 
been converted to /,L-tetrahydrofolate, which is destroyed under 
the assay conditions used. (The 5-formyltetrahydrofolate and 
the transformylase enzyme were kindly supplied by Drs. M. 
Silverman and J. C. Keresztesy.) The incubation mixture was 
used as such as a source of natural tetrahydrofolate. It had 
been observed! that 5-formyl-l,L-tetrahydrofolate is one-tenth 
as inhibitory to methionine synthesis as is dl, L-tetrahydrofolate. 


1R. L. Kisliuk, unpublished experiments. 


Its presence would therefore not affect the results to be pre- 
sented in Table III. Further,'! 
does not serve as a source of 1-carbon units for methionine syn- 
thesis in the presence or absence of the B,2 protein. A control 
mixture prepared in the same manner but with 5-formyl-l,1- 
tetrahydrolfolate omitted did not affect methionine synthesis. 

pL-Homocysteine was purchased from the Nutritional Bio- 
chemicals Corporation and vitamin By, from Merck and Con- 
pany. 
Chemical Company. 

Dimethylbenzimidazole cobamide coenzyme and adenosyl-I- 


methionine were gifts of Dr. H. Weissbach and Dr. S. Harvey - 


Mudd, respectively. Factor B was supplied by Dr. M. R. 8 


- Fox from a preparation originating at Merck and Company. 


Chicks fed a synthetic diet supplemented with vitamin By were 
also supplied by Dr. Fox. 


Vol. 236, No. 3 


All other coenzymes were purchased from the Sigma — 
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Manner of Incubation—Incubations for methionine synthesis 
were carried out in Thunberg tubes under hydrogen. 

Assays—t-Methionine was determined microbiologically with 
Leuconostoc mesenteroides (ATCC 8042) in the oxidized peptone 
medium of Lyman e¢ al. (6). 

Vitamin B,2 was determined with Lactobacillus leichmannii 
(ATCC 7830) in Difco Biz assay medium. 

Davis and Mingioli (7) observed that the B,». taken up by EF. 
coli during growth could be recovered on boiling the cells. Un- 
der the conditions of the present study, 95% of the Bi. added 
to the medium was taken up by the cells during growth. Virtu- 
ally all of this could be recovered by autoclaving the cells for 
10 minutes. It was possible, therefore, to estimate the By 
content of a given cell fraction by assay with L. leichmannii pro- 
vided that the sample was added to the assay medium before 
the latter was autoclaved. The By, content of non-By-grown 
organisms was too small (20 mug per g of acetone-dried organ- 
isms) to cause any error. 

Protein was determined by the method of Lowry et al. (8). 

Spectrophotometric measurements were carried out with a 
Beckman model DU spectrophotometer. 


RESULTS 


Correlation of Ability to Promote Methionine 
Synthesis with Content 


Although extracts of FE. coli prepared from cells grown on a 
medium containing vitamin By. are known to be able to utilize 
tetrahydrofolate as a carrier of single carbon units for methio- 
nine synthesis (2), it remained to be determined whether or not 
the factor responsible for this activity actually contained the 
vitamin. It was desirable therefore to correlate the ability to 
promote methionine synthesis (which is proportional to the 
amount of factor present (Fig. 1)) with B,. content as the factor 
was purified. 

The data in Table I show that enzymatic activity is corre- 
lated with B,. content throughout purification. The ratio of 
activity to Bi. content does not vary greatly in a given experi- 
ment. This means that a large proportion of the B,» present 
in the sonic extract is enzymatically active. The variability 
between experiments is due to variable activity in different 
batches of assay extract. 

The turnover number (number of moles of methionine syn- 
thesized per mole of Biz per minute) is between 1500 and 2000 
based on the data of Experiments III and IV. 

By the procedure outlined, preparations have been obtained 
containing 0.44 wg (0.33 mumole) of By per mg of protein. One 
such preparation assayed for riboflavin with Lactobacillus casei 
contained 0.36 to 0.4 mumole of riboflavin per mg of protein, 
which may be significant in view of the results of Hatch et al. 
(9) indicating a role for flavin in methionine formation in E. coli. 

Properties of Active Material—The following evidence suggests 
that the active material contains protein; it is nondialyzable, 
heat-labile (2) and is labile to trypsin treatment.!. The most 
highly purified fractions have a ratio of absorbancy at 280 mu 
to 260 my of 1.3, which indicates a protein content of about 
99% (10). 

Sonic extracts containing the B,2 protein retained full activity 
for at least 6 months; the purified fractions for at least 1 month 
when stored at —20°. Both crude and purified material lost 
activity when stored in 0.01 m potassium phosphate, pH 7.8, at 
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Fic. 1. Assay of the Biz protein. The incubation mixture con- 
tained 0.56 mm DPN, 5 mm ATP, 0.5 mm pyridoxal phosphate, 5 
mM fructose-1,6-diphosphate, 5 mm MgSQO,, 5 mM L-serine, 10 mm 
pL-homocysteine, 0.75 mM tetrahydrofolate, 75 mm potassium 
phosphate, pH 7.8, and 500 ml of assay extract (3.5 g of protein) 
and 0 to 100 ml of the B;2 protein preparation (56 mug of Biz per 
mg of protein; prepared by DEAE chromatography of a sonicate 
(c)) per liter. The values shown on the axes are for a total volume 
of 2 ml incubated for 3 hours at 37°. 


TaBLeE II 
Test of dimethylbenzimidazole cobamide coenzyme activity 
| Methio- 
| nine 
Assay system + protein (1.35 mum Bio)............ | 48 
Assay system + Bie protein (2.7 mum Biz)............. 
Assay system + dimethylbenzimidazole cobamide co- | 
Assay system + dimethylbenzimidazole cobamide co- | 
enzyme + Bye protein (1.35 mum 


* Incubation mixture is as described in Fig. 1 but devoid of the 
Bi2 protein preparation. The values shown for methionine are 
for a total volume of 2 ml. 


low protein concentration. A solution of the sonic extract con- 
taining 1 mg of protein per ml lost 20% of its activity on stor- 
age at —20° for one month. A solution of the same material 
containing 10 mg of protein per ml lost no activity under these 
conditions. 

The By in the active fractions was unavailable to L. leich- 
mannii if the sample was added to the previously autoclaved 
assay medium. This is consistent with the earlier observation 
(2) that the Bis present in active preparations is nondialyzable. 

A spectrophotometric analysis of the extract of the combined 
DEAE fractions mentioned in Table I, revealed in addition to 
the protein peak at 280 my a peak at 405 mp. At present, it is 
not known whether the 405-my peak is in any way related to 
the B,2 content (2.6 wg per ml) of the sample. 3 


Comparison of Properties of By. Protein with Those 
of Dimethylbenzimidazole Cobamide Coenzyme 


The dimethylbenzimidazole cobamide coenzyme, described 
by Barker et al. (11, 12), does not stimulate methionine synthe- 
sis in the system employed even when present at 3700 times the 
concentration of By: in the By. protein (Table II). 

The partially purified B,. protein (a DEAE fraction contain- 
ing 70 mug of By per mg of protein) showed no loss in activity 


| 
20 
10 
} 
| 
yre- | 
ate 
yn- 
rol 
ym- 
|-L- 
ey 
ny. | 
ere 


grown on methionine to synthesize methionine, is therefore not 


due to lack of the By protein. 


Distribution of Biz. Protein—Ultrasonic extracts of E. colj } 
mutants 121/176 (17) and 113-3 (18) are able to synthesize the | 


Bie protein. 


Attempts to find a factor active in the EF. coli assay system 
described in Fig. 1 in extracts of acetone-dried, Byj-grown J, 
leichmannii and in extracts prepared from the livers of chicks 
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Fic. 2. The absence of effect of the Biz protein on hydroxy- 
methyltetrahydrofolate dehydrogenase. The incubation mixture 
contained 0.67 mm DPN or TPN, 6.7 mM L-serine, 60 mm potassium 
phosphate pH 7.8, and 166 ml of assay extract (1 g of protein) and 
67 ml of B,2 protein (187,600 activity units as defined in Table I) 
per liter; total volume, 3 ml. Without tetrahydrofolate or pyri- 
dine nucleotide, the absorbancy at 340 mu was 0.075. On addi- 
tion of DPN, this value did not increase during 15 minutes of 
incubation. On addition of TPN, the absorbancy increased by 
0.07 in 15 minutes. @——®@, serine + Bi protein; A——A, 
serine alone; O——O, no serine, no By: protein. 


after standing for 1 hour at 0° at a distance of 13 em from a 
100-watt lamp, a treatment which would completely inactivate 
the cobamide coenzymes (11). 

Both the B,». protein (sonic extract) and the cobamide coen- 
zyme are inactivated by 0.1 mM cyanide at pH 9.8 for 1 hour at 
room temperature. When a sonic extract containing the Bis 
protein was made 0.01 m with respect to cyanide at pH 9.8 and 
allowed to stand for 3 hours at 5°, it lost 20% of its activity. The 
control without cyanide lost no activity. The percentage of de- 
composition of the cobamide coenzymes under this latter set 
of conditions is not known. 

The relationship of the cobamide coenzymes to the By. moiety 
of the By protein is at present unclear. It is possible that the 
cobamide coenzyme is the active form on the protein where it is 
protected from the action of light. 

Specificity of Action of By. Protein—Of the known enzyme 
systems requiring tetrahydrofolate that involved in methionine 
synthesis in F. coli is the only one in which By is also required. 
The serine hydroxymethylase reaction in £. coli extracts pro- 
ceeds at the same rate in the presence or absence of the Bie 
protein (2). The rate of the hydroxymethyltetrahydrofolate 
dehydrogenase reaction in the assay extract (Fig. 2) is also not 
affected by the presence of the By protein. The initial rate of 
the reaction when TPN is added as the hydrogen acceptor is 
several times faster than when DPN is added. Similar results 
were obtained with either serine or 5,10-methylenetetrahydro- 
folate as substrate. In addition to these two reactions, no re- 
quirement for Biz has been observed for thymidylate synthetase 
(13) or deoxycytidylate hydroxymethylase (14), two other tetra- 
hydrofolate-dependent enzymes from £. colt. 

Production of By: Protein under Various Conditions—Extracts 
of cells, grown on as little as 0.1 ug of Bis per liter of minimal 
medium supplemented with glycine, contained a detectable 
amount of the By protein. Extracts of cells grown on Factor 
B (7.3 wg per liter) also contained active material. This was 
expected, as B,2-requiring mutants of FE. coli will grow on Factor 
B (15). When growth took place on minimal medium supple- 
mented with glycine and containing 10-* mM puL-methionine as 
well as vitamin By (2.5 ug per liter), extracts of the cells con- 
tained the usual amount of the By: protein. The inability of 
resting cells (16) and cell extracts (17)! prepared from cells 


fed a diet supplemented with vitamin Bj. were unsuccessful. 
Inhibition of Methionine Synthesis by Tetrahydrofolate—It has 
been proposed that the inhibition of methionine synthesis in the 
assay extract by tetrahydrofolate (in the absence of the B, 
protein) is due to the action of the latter substance as a com- 
petitive analogue of the naturally occurring folic acid coenzyme 
(2). However, the possibility was not excluded that this ip- 
hibition was due to an impurity in the dl,.-tetrahydrofolate. 
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The following evidence makes this seem unlikely: 


(a) Tetrahydrofolate oxidized in air caused no inhibition, 
The incubation mixture contained an amount of oxidized ma- 
terial equivalent to 5 X 10-4 Mm tetrahydrofolate, 10 times the 


amount required for 50% inhibition (2). 


(b) Folate (56 x 10-4 M) caused no inhibition and promoted 


no methionine synthesis on addition of the B,2 protein. 


(c) 1,u-Tetrahydrofolate, generated from 5-formyl-l,t-tetra- 
hydrofolate behaves as does dl,.-tetrahydrofolate (Table III), 
that is, it acts as an inhibitor unless the By. protein is present. 

Inability of Adenosyl-r-methionine to Serve as Precursor of 
Methionine—In view of the ATP requirement for methionine 
synthesis, it was considered (2) that either S-adenosyl-L-homo- 
cysteine (19) or L-homocysteine-AMP (similar to carboxyl- 
activated methionine (20)) might be the actual acceptor of the 
methyl group. If the former compound were the acceptor, one 
would expect that adenosyl-L-methionine would be formed and 
then either be cleaved to methionine or donate its methyl group 
to homocysteine. The results presented in Table IV exclude 
such a pathway. Adenosyl-L-methionine was not converted to 


TABLE III 


Comparison of synthetic and natural tetrahydrofolate in 


methionine synthesis 


Methionine 


Assay extract Bie extract 


Complete system + dl,.i-tetrahydrofo- 
Complete system + dl,.-tetrahydrofo- 
Complete system + l,.L-tetrahydrofo- 
Complete system + l1,.L-tetrahydrofo- 


127 


10 


14 


43 


69 


ug 


144 


* The complete system contains the substrates and cofactors 
as described in Fig. 1 except that tetrahydrofolate was omitted. 
The Biz extract is a dialyzed extract of acetone-dried cells similar 
to the assay extract, except that it was prepared from cells that | 
had been grown in a medium containing vitamin Biz (2 ug pet 


liter). Each incubation contained 5.5 g of protein per liter. 
The values shown 


Other conditions were as described in Fig. 1. 
for methionine are for a total volume of 2 ml. 
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methionine by the extracts, nor did it transfer its methyl group 
to homocysteine. Incidentally, it was observed that adenosyl- 
t-methionine did not support the growth of L. mesenteroides 
even when added to the autoclaved assay medium aseptically. 
Stevens and Sakami (21) and Nakao and Greenberg (22) have 
presented evidence that adenosylmethionine is not an inter- 
mediate in methionine synthesis in liver extracts. 
Lt-Homocysteine-AMP has not been tested as yet. 


DISCUSSION 


It may be postulated that vitamin By, plays the same role, 
that of an election donor and acceptor, in many of the reactions 
in which it is known to be involved. The reactions in question 
are listed below: 


(1) Glutamate — 
8-methyl aspartate (23)| Methyl group formation 
(2) Sueeinyl-CoA — by isomerization 
methylmalonyl-CoA (24) 


(3) Formaldehyde + homocysteine — 
methionine (2)| Methyl group formation 
(4) Formate incorporation into by reduction 
thymine methyl (25) 


(5) Riboside — deoxyriboside (26)} Substituted methyl 
group formation by 
reduction 


In the isomerization reactions, a redistribution of electrons 
would be involved perhaps with a free radical intermediate as 
suggested by Eggerer et al. (24), whereas in the reduction reac- 
tions an external source of electrons is necessary. This function 
would be compatible with the metalloporphyrin-like structure 
of the vitamin. 

The hypothesis (2) that organisms grown in the presence of 
vitamin B,z possess a mechanism for methionine synthesis which 
differs from that in organisms grown in the absence of the vita- 
min is supported by work cited herein and other recent work. 
For example, very little Biz can be detected in the assay extracts 
described here. Guest (27) has presented evidence that By». is 
not present in heated extracts of FE. coli PA15. Further, By 
protein activity is not detectable in either the assay extracts or 
the sonic extracts of organisms grown in the absence of Bye.! 

Recent work by Guest et al. (17) has shown that the dimethyl- 
benzimidazole cobamide coenzyme is more active than vitamin 
By in stimulating methionine synthesis in ultrasonic extracts 
of EF. coli. Possibly, the coenzyme is an intermediate in the 
formation of the B,2. protein. Evidence has been presented by 
Guest (27) that the cobamide coenzyme itself is not the active 
form. Inhibition of the activity of the coenzyme by the anilide 
analogue of vitamin B;2 was found to be competitive. However, 
extracts prepared from cells grown on vitamin By: and presuma- 
bly containing the B,. protein are insensitive to the anilide. 
This evidence is consistent with the results of the present work 
in which the B,2 protein is not replaced by the coenzyme and 
differs from the coenzyme in its sensitivity to light. 

The fact that TPN is more active than DPN in the hydroxy- 
methyltetrahydrofolic acid dehydrogenase reaction may explain 
why TPN inhibits methionine synthesis when added with DPN 
(2). The TPN-activated dehydrogenase may compete with the 
methionine-forming system for the available single carbon units. 
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TaBLe IV 
Test of adenosylmethionine as intermediate in methionine synthesis 
Methionine 
pumoles 
Complete system + adenosylmethionine, 0.7 umole. ... 1.0 
Complete system + adenosylmethionine, 0.7 umole, 
Complete system + adenosylmethionine, 0.7 umole, 


* The complete system includes the assay system described in 
Fig. 1 plus Biz protein. After 3 hours of incubation at 37°, the 
mixture was sterilized by filtration and added aseptically to the 
autoclaved methionine assay medium. The values shown for 
methionine and adenosylmethionine are for a total volume of 2 
ml. 


SUMMARY 


1. The factor present in Escherichia coli, grown on a medium 
containing vitamin By, which promotes methionine methyl 
group formation in extracts in the presence of tetrahydrofolate 
is a vitamin B,2-containing protein. It is not replaced by di- 
methylbenzimidazole cobamide coenzyme and is not light-sensi- 
tive. 

2. Further evidence supporting the hypothesis that organisms 
grown on vitamin By are capable of synthesizing methionine by 
a different mechanism than those grown in the absence of the 
vitamin is discussed. 

3. The natural stereoisomer of tetrahydrofolate (/,L-tetrahy- 
drofolate) affected the system in the same manner as the syn- 
thetic compound. 

4. Adenosyl-L-methionine is not an intermediate in methio- 
nine synthesis in the system studied. 

5. The hydroxymethyltetrahydrofolate dehydrogenase of 
E. coli extracts which showed greater activity with triphospho- 
pyridine nucleotide than with diphosphopyridine nucleotide was 
not affected by the presence of the By2 protein. 


Acknowledgment—The author wishes to thank Dr. Milton 
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_ Schlessinger, following the procedure described (4). 
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The ribosomes from Escherichia coli contain an enzyme that 
degrades ribonucleic acid (1-3). Its activity appears only after 
separation of the ribonucleic acid from the protein moiety by 
means of an agent such as urea. 

Although the properties of this enzyme resemble those of 
pancreatic ribonuclease, its identity has not yet been rigorously 
established (2). Thus, the study of the mechanism of action of 
the isolated enzyme seemed of interest as a step in its character- 
ization, and in elucidating the possible reason for its location in 
the ribosome. 

We report here the purification of this enzyme from F. colt 
ribosomes prepared in this laboratory by the procedure of Tis- 
siéres et al. (4), together with some of its properties. From the 
specific activity of the purest preparation, the content of the 
enzyme in the ribosomes has been estimated on the assumption 
that its molecular weight is the same as that of pancreatic ribo- 
nuclease. The study of its mode of action on ribonucleic acid 
shows that it is a ribonuclease of the same type as that isolated 
from rye grass by Shuster (5) and studied by Shuster et al. (6). 

In the course of this investigation, an acid phosphatase has 
been found in the ribosomes. It has been partially purified and 
some of its properties are reported. This brings to four the 
number of enzymes found in the ribosomes, as a latent deoxy- 
ribonuclease has been found by Elson (2) and a leucine amino- 
peptidase by Bolton e¢ al. (3). 

A preliminary account of this work has appeared (7) 


EXPERIMENTAL PROCEDURE 
Materials 


Ribosomes from E. coli with sedimentation constants of 30 
S, 50 8S, and 70 S were prepared by Dr. A. Tissiéres and Mr. D. 
RNA from 
705 ribosomes was isolated in this laboratory by Mr. C. Kurland 
according to his procedure (8); its nucleotide composition has 
been determined (9). Crystalline pancreatic RNase and o- 
carboxyphenyl phosphate were obtained from Worthington 
Biochemical Corporation. Dowex 1-X8 (minus 400 mesh), 
Dowex 50-X4 (200 to 400 mesh), and 6-glycerophosphate were 
purchased from California Corporation for Biochemical Research, 
Los Angeles, California. Prostatic phosphatase and a sample 
of Crotalus adamanteus venom from Ross Allen’s Reptile Insti- 
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tute, Silver Springs, Florida, were kindly supplied by Dr. G- 
Schmidt. Yeast RNA, purine and pyrimidine bases, and nu- 
cleotides were obtained from Schwarz Laboratories, Inc. The 
yeast RNA was purified further according to the procedure de- 
scribed by Frisch-Niggemeyer and Reddi (10). Cyclic 2’ ,3/- 
guanosine, adenosine, cytidine, and uridine phosphates were 
gifts from Dr. L. Heppel. The barium salts were converted to 
the sodium form by treatment with a small amount of Dowex 
50-X4, sodium form. The cyclic adenylic and guanylic acids, 
which are unstable on storage, were purified before use by paper 
chromatography in Solvent I (see below). Glucose 6-phosphate, 
fructose-1 ,6-diphosphate, AMP, ATP, p-nitrophenyl phosphate, 
and calcium (di-p-nitrophenyl phosphate), were products from 
Sigma Chemical Company. Chlorobutanol (8,8,8-trichloro- 
tert-butyl alcohol), Amberlite CG-50, Type II (200 to 400 mesh) 
and Type III (400 to 600 mesh), were purchased from Fisher 
Scientific Company. The Amberlite was treated before use 
according to Hirs et al. (11). Sodium dodecyl sulfate was ob- 
tained from K and K Laboratories. 


Methods 


The activity of F. coli RNase was determined by a slight 
modification of the procedure of Anfinsen et al. (12). The reac- 
tion mixture, unless otherwise stated, contained: 1 ml of a 1% 
solution of purified yeast RNA in 0.1 m Tris buffer, pH 8.1; 0.5 
ml of the same buffer; and 1 ml of enzyme in H,O. After incu- 
bation at 25° for 25 minutes, 0.5 ml of 0.75% uranyl acetate in 
25% perchloric acid was added and the precipitate immediately 
centrifuged; 0.2 ml of the clear supernatant was immediately 
added to 6 ml of H.O, and the absorbancy of this solution was 
read at 260 mu. A unit of EF. coli RNase was defined as the 
amount of enzyme which, under the above conditions, gave an 
absorbancy of 0.1. The assay was linear up to 0.6 absorbancy. 
Under these conditions, 0.1 wg of pancreatic RNase gave an 
absorbancy of 0.215. The specific activity is expressed in units 
per milligram of protein. 

Acid phosphatase was assayed by a modification of the pro- 
cedure of Brandenberg and Hanson (13). The reaction mixture 
contained: 2 ml of 0.3 m acetate buffer, pH 5; 0.5 ml of enzyme 
solution; and 0.5 ml of substrate (o-carboxyphenyl phosphate 
solution in H,O, 1 mg per ml), added at zero time. Readings 
were taken at 298 my at 1-minute intervals. Alkaline phos- 
phatase activity was measured under the same conditions except 
that 0.3 m glycine-NaOH buffer, pH 9.1, containing 0.003 m 
Mg**, was substituted for the acetate buffer. A unit of phos- 
phatase is defined as the amount of enzyme that produces an 
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increase in absorbancy at 298 my of 0.001 in 1 minute at 25°. 
The activity of phosphatase on substrates other than o-carboxy- 
phenyl! phosphate was determined by estimating the P; liberated 
from the substrate and expressed as micromoles of P per hour 
at 25°. P; in the presence of phosphate esters was estimated 
by the Fiske-SubbaRow (14) procedure under the conditions 
described by Bartlett (15). Toluene was added to any reaction 
mixture with an incubation time longer than 2 hours. 

Phosphodiesterase activity was assayed on calcium di-p-ni- 
tropheny! phosphate according to Frisch-Niggemeyer and Reddi 
(10). DNase activity was assayed either by the method of 
Kunitz (16) or by estimating the acid-soluble material liberated 
from DNA, as described by Shuster (5). Protein was estimated 
by the biuret method according to Gornall et al. (17) and by the 
phenol procedure of Lowry et al. (18). RNA was estimated by 
the orcinol method as described by Dische (19). The concen- 
tration of ribosomes in solution was calculated with use of the 
extinction coefficients given by Tissiéres et al. (4). 

Centrifugations were carried out at 0° and 2000 x g for 10 
minutes, unless otherwise stated. Ultracentrifugal analysis of 
50 S and 30S preparations was performed in the Spinco model 
E centrifuge. The relative amounts of each kind of ribosome 
in a single preparation were estimated by analyzing two different 
dilutions and measuring the areas under the peaks on plates 
taken with the schlieren optical system. 

Ion exchange chromatography of RNA hydrolysates was per- 
formed on columns of Dowex 1-X8 with formic acid as elutriant 
as described by Cohn (20). The finer resin (minus-400 mesh) 
used here achieved the resolution of the guanylic acid isomers 
and the partial separation of the cytidylic acid isomers in addi- 
tion to that of the adenylic acid isomers. The isomers of uridylic 
acid are not resolved from each other. : - 

Paper chromatography was done by the descending technique. 
The substances were applied to the paper and dried under a 
cold air blower. The following solvents were used: Solvent I, 
isopropanol-water, 70:30 (volume for volume) with ammonia 
in the vapor phase (21); Solvent II, n-propanol-water, concen- 
trated ammonium hydroxide 60:10:30 (volume for volume 
for volume) (6); Solvent III, ammonium sulfate saturated in 
water-isopropanol-0.5 M acetate, 80:2:18 (volume for volume 
for volume) (21); and Solvent IV, isopropanol-concentrated HCl- 
water, 170:44:36 (volume for volume for volume) (22). 

Paper electrophoresis was performed at low voltage in an E. C. 
apparatus (E. C. Apparatus Company, New York) and at high 
voltage on a cooling plate. The buffers used were 0.05 mM am- 
monium formate, pH 3.5, and 0.05 m sodium phosphate, pH 
7A. 

After either electrophoresis or chromatography, the papers 
were dried at 45° in an air-circulating oven, the spots viewed 
under ultraviolet light, and their contours outlined lightly with 
pencil. They were then excised, together with blanks, eluted 
with water, and the eluates taken to dryness under vacuum at 
room temperature. 

When both methods were used in combination, paper chro- 
matography was performed before electrophoresis. An aliquot, 
usually 0.1 ml, was applied as a narrow band 1 inch long at a 
corner of a sheet of Whatman No. 3 MM filter paper (18 x 223 
in.). Successive applications of the 0.1 ml aliquot were dried 
under a cold air blower. The sheet was chromatographed al- 
lowing the solvent to run along the longer direction of the paper. 
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After development and drying at 45°, the sheet was turned at 
right angles and wetted cautiously with the buffer used in the 
subsequent electrophoresis, starting from both ends of the paper. 
Care was taken that the two fronts of the moistening buffer 
joined exactly at the region where the spots, developed by chro- 
matography, were located. This was found necessary in order 
to obtain compact spots after electrophoresis. The sheet was 
then blotted and subjected to electrophoresis. 


RESULTS 


Isolation and Purification of E. coli RNase 


Preliminary experiments showed that 70 5 ribosomes in 0.005 
M Tris buffer, pH 7.4, and 0.01 mw Mg** at 4° did not, after pre- 
cipitation of a sample with 0.15 n HC1Ox,, release any acid-soluble 
substances absorbing at 260 my over a period of several days. 
Ethylenediaminetetraacetic acid (0.01 m), NaCl (0.3 M), or urea 
(4 m) all initiated the breakdown of the ribosomes at 4° with 
release of RNase. However, the rate of degradation was much 
faster in the urea solutions, about half of the ribosomal RNA 
appearing as acid-soluble material after 2 hours. The reaction 
then slowed down and reached completion only after several 
hours. When the degradation products were continuously re- 
moved by dialysis against the same buffer containing urea, the 
reaction was complete in a much shorter time, indicating that 
the accumulation of breakdown products inhibited the enzyme. 
At the end of the reaction, less than 1% of the RNA was left 
inside the dialysis sac. The total absorbancy of the dialyzable 
fragments at 260 my was 40 to 50% higher than that of the initial 
ribosome solution in agreement with the finding of Schlessinger 
(23). Dialysis of the ribosomes against a buffer containing urea 
was therefore chosen as the first step of the isolation procedure 
described below. 

When the release of ultraviolet-absorbing material in the 
dialysate ceased, the reaction mixture was exhaustively dialyzed 
against water. A large precipitate, which represented about 
half of the ribosomal protein, appeared inside the dialysis sac. 
It was removed by centrifugation. The clear supernatant was 
then fractionated with ammonium sulfate at pH 4.5. The 
material precipitating between 0.5 and 0.8 saturation was dis- 
solved in water and dialyzed exhaustively; any precipitate that 
formed at this stage was removed by centrifugation and the 
supernatant was lyophilized. Additional fractionation by am- 
monium sulfate achieved no further purification. Apart from 
RNase, this material showed a considerable amount of phos- 
phatase activity. 

The lyophilized material was then chromatographed on Amber- 
lite CG-50 (Type II or III). A systematic study of the distribu- 
tion coefficient of the RNase between the solution phase and the 
resin, at different pH values and ionic strengths, was carried 
out by the test tube equilibration technique described by His 
et al. (11). Reversible adsorption of the FE. coli RNase witha 
finite distribution coefficient was found in the pH range of 64 
to7.8. In0.2m phosphate buffer, pH 7.18, at room temperature, 
the distribution coefficient of EF. coli RNase is about 3. 

Fig. 1 shows a typical chromatogram of E. coli RNase. The 
large peak of RNase is preceded by a small one, the position of 
which is comparable to peak B of the pancreatic enzyme (11). 
This peak was, however, not observed in some ribosome prep 
arations. After 1 hold-up volume of buffer has passed through 
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Fic. 1. Chromatography of RNase and phosphatase from E 
coli ribosomes on Amberlite CG-50 Type II (200 to 400 mesh). 
Column, 30 X 0.9 cm; rate of flow, 1.5 ml per hour; fraction size, 
0.9 ml; load, 25 mg of Step II (see purification procedure). Elu- 
tion at room temperature (25°) with 0.2 m phosphate buffer, pH 
7.18. The phosphatase activity has not been corrected for in- 
hibition by the phosphate ions present in the aliquots used for 
the assay. It represents about one-fifth of the uninhibited ac- 
tivity. 


the column, a protein peak appears in the effluent. This peak, 
representing about 10% of the ribosomal protein loaded on the 
column, contains all the phosphatase activity. 

Although the lyophilized material obtained after ammonium 
sulfate fractionation can be stored in the cold for several months 
without loss of activity, the RNase solutions obtained after 
chromatography were inactivated fairly rapidly. In 0.2 m phos- 
phate buffer, pH 7.2, or in water, about half of the activity was 
lost after 24 hours at 4°. When the dialyzed enzyme solution 
was lyophilized, the residue was completely inactivated. Keep- 
ing the fractions containing the enzyme frozen retarded this 
inactivation. The addition of bovine serum mercaptalbumin 
directly into the receiving tubes of the chromatogram (final 
concentration, 0.1%) stabilized the enzyme; the resulting solu- 
tions could then be dialyzed against water and lyophilized with- 
out significant loss of activity. 

The ribonuclease activity in EZ. coli appears to be present only 
in the ribosomes (see below). Some attempts were therefore 
made to purify the enzyme starting from an acetone powder of 
whole E. coli cells. This, however, was unsuccessful, because 
the proteins of the whole cells interfered with the chromatography 
of the RNase. 
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A typical purification experiment is described in detail below. 
Table I gives the activity and protein content for each step of 
the procedure. 

Step I—A solution of ribosomes, 15 ml, (29.3 mg per ml) in 
0.005 m Tris buffer, pH 7.4, and 0.01 m Mg** were added to an 
equal volume of the same buffer that also contained 8 m urea 
and 0.1 m NaCl. The resulting mixture was dialyzed in the 
cold against three changes of 1 liter of buffer (0.005 m Tris, pH 
7.4, 0.05 m NaCl, and 4 M urea), over a period of 24 hours. The 
solution, which was slightly turbid, was then extensively dialyzed 
against water (four changes each of 3 liters) in the cold to remove 
urea. A large precipitate appeared inside the sac and was cen- 
trifuged off. The supernatant was brought to pH 4.5 by addi- 
tion of 5 ml of 0.2 m acetate buffer. 

Step II—The solution was brought to 0.5 saturation with 11.2 
g of ammonium sulfate, added in the cold with stirring. After 
standing for 10 minutes, the precipitate was centrifuged off and 
the supernatant (40 ml) brought to 0.8 saturation by adding 
8.3 g of ammonium sulfate. The suspension was stirred in the 
cold for 10 minutes and then centrifuged. The supernatant 
was discarded and the precipitate dissolved in 10 ml of water 
and dialyzed against three changes of 3 liters of water in the 
cold. A small precipitate which formed at this stage was re- 
moved by centrifugation and the clear supernatant lyophilized. 

Step III—A column (1 X 30 em) of Amberlite CG-50 (Type 
II or III), buffered at pH 7.18 with 0.2 m phosphate buffer, was 
prepared according to Hirs et al. (11). Since the Amberlite 
CG-50 is a fine resin, a small plug of glass wool was placed on 
the bottom of the column resting on the sintered glass disk to 
prevent clogging of the latter. Several hold-up volumes of 

buffer were run through at room temperature before use. The 
lyophilized material from Step I] (25 mg) was dissolved in 1.2 
ml of 0.2 m phosphate buffer, pH 7.18, any insoluble material 
removed by centrifugation, aliquots withdrawn for activity and 
protein estimations, and the remainder loaded on the column. 
After adsorption of the sample, the walls of the chromatographic 
tube were rinsed twice with 0.5 ml of buffer and the column 
connected with a reservoir containing the same buffer to which 
a few crystals of chlorobutanol were added to prevent bacterial 
contamination. Elution was performed at room temperature 
at the rate of 1 to 1.5 ml per hour, and fractions of 1 ml size were 
collected automatically. A 4% solution of bovine serum mer- 
captalbumin in water, 25 ul, was added to each receiving tube, 
starting from Fraction 30 on. Aliquots of 0.05 to 0.1 ml were 


TABLE 
Purification of E. coli RNase 


Purification step RNase} Protein RNase Yield 
wnits| | | activity 
Step I: Urea treatment and di- 
450 | 90 5.0 100 
Step II: Ammonium sulfate frac- 
370 | 25 14.8 82 
Step III: Chromatography on 
Amberlite CG-50............. 290 0.27* | 1072 65 


* Estimated in a parallel chromatogram with no bovine serum 
mercaptalbumin added to the receiving tubes. 
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Fic. 2. Chromatography of RNase from £. coli ribosomes on 
Amberlite CG-50 Type III (400 to 600 mesh). Conditions are 
the same as in Fig. 1, except that the column was run in the cold 
(4°) and eluted with 0.1 m phosphate buffer, pH 7.14, containing 
0.12 m NaCl. Phosphatase was not estimated in this chromato- 


gram. 


withdrawn from the tubes and assayed for RNase and _ phos- 
phatase activity. The fractions containing the RNase were 
pooled, dialyzed in the cold against three changes of 2 liters of 
water (each change being left 3 hours), lyophilized, and stored 
at —20°. 

Purity of Enzyme Preparation—The purified E. coli RNase is 
free of acid and alkaline phosphatase and of DNase. Thus, the 
DNase reported by Elson (2) to be present in the ribosomes is 
separated from the RNase during the purification procedure. 

The purified FE. coli RNase has no activity towards calcium 
di-p-nitropheny! phosphate, either at pH 5.1 or at pH 8.5. It 
does not release P; from AMP or ATP. 


Some Properties of E. coli RNase 


Specific Activity—Table I shows that the specific activity of 
the purified RNase is 1070 units per mg of protein. However, 
under the conditions of chromatography (see Fig. 1) the RNase 
peak was still contaminated by some other ribosomal proteins. 
The enzyme was therefore purified further to estimate its specific 
activity. It was found that the RNase peak could be consider- 
ably retarded on the column and freed from impurities when 
chromatographed at 4° on a column of Amberlite CG-50, Type 
III, buffered at pH 7.14 with a 0.1 m phosphate buffer containing 
0.12 m NaCl (wu = 0.25). Under these conditions, the RNase 
appears in the effluent after about 7 hold-up volumes have passed 
through the column. The chromatogram is represented in Fig. 


2. When the RNase peak appeared, the tubes containing the 
activity were immediately pooled, the total RNase activity es- 
timated on an aliquot, and the remainder dialyzed rapidly against 
water to remove most of the phosphate ions, and lyophilized. 
Estimation of the protein content was carried out on the residue. 
The specific activity of such a preparation was found to be 2040 


Vol. 236, No. 3 


units per mg of protein. This is a minimal figure inasmuch as 
the yield of activity in such a chromatogram as represented in 
Fig. 2 is only 62% (no protein being added to stabilize the en- 
zyme) as compared to 80% in the chromatogram of Fig. 1. 

Optimal pH—The activity of E. coli RNase at different pH 
values was measured in Tris buffers ranging from pH 7.5 to 8.8, 
all of which were of constant ionic strength (u = 0.1). The 
optimal pH was found to be 8.1; at pH 7.5 and 8.5, the activity 
is approximately 85% of that at 8.1. When phosphate buffers 
of the same ionic strength were substituted for Tris buffers, the 
activity of FE. coli RNase was enhanced; at pH 8.1, the activity 
is 25% higher in phosphate than in Tris. Veronal buffers over 
the same pH range do not enhance the activity. At pH 5.0, in 
ammonium acetate buffer, only 8% of the activity assayed at 
pH 8.1 in Tris was observed. 

Heat Stability—This was tested at pH 3.1 (ammonium for- 
mate, uw = 0.1) and pH 8.8 (Tris, w = 0.1). A solution of E. 
coli RNase in water, 0.5 ml (stabilized by mercaptalbumin), was 
added to 0.25 ml of buffer. An aliquot was taken from each 
solution and activity assayed at pH 8.1. The remainder was 
heated for 15 minutes at 100°, then cooled rapidly and an ali- 
quot assayed for activity at pH 8.1. FE. colt RNase retained 
53% of its activity after heating at pH 3.1, but all activity was 
lost after heating at pH 8.8. This behavior is ‘similar to that 
of pancreatic RNase (24). 

Stability to pH—A water solution of E. coli RNase (stabilized 
by mercaptalbumin), 1 ml, was added to 0.3 ml of the following 
0.1 m buffers: ammonium formate, pH 3.9; ammonium acetate, 
pH 6.2; Tris, pH 8.0; glycine-NaOH, pH 9.8. The solutions 
were left at 4° and after 0, 23, 71, and 99 hours, aliquots of 0.25 
ml were withdrawn and assayed at pH 8.1. E. coli RNase was 
found to be stable between pH 3.9 and 8.0, no activity being lost 
after 4 davs. At pH 9.8, 8% of the activity was lost after the 
same time. 

Effect of NaCl, Mg**, and Sodium Dodecyl Sulfate—Various 
amounts of NaCl, magnesium acetate, and sodium dodecy] sul- 
fate were added to the assay mixture (3 to 4 RNase units) to 
give the final concentration indicated by the points in Fig. 3. 

In the study of Mgt+ effects, RNA blanks were run at each 
Mg++ concentration, inasmuch as their values decrease slightly 
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Fic. 3. Effect of NaCl, Mg*t+, and sodium dodecyl sulfate 
(SDS) on the activity of RNase from E. coli ribosomes. A/Ao = 
ratio of activity in the presence of the various agents to the ac- 
tivity assayed in their absence, as described in the text. On 
the abcissa, the concentration is expressed in molarity for NaCl 
and Mg** and in percentage (weight per volume) for SDS. 
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with increasing concentrations of this cation. When using the 
acid soluble nucleotides procedure to estimate the effect of Mg*+ 
ions on the activity of pancreatic RNase, Dickman (25) observed 
an apparent inhibition. This was because of the effect of Mg++ 
jon concentration on the precipitability by acid of the polynu- 
cleotide mixture, resulting from the action of the enzyme on 
RNA. This effect was found to be much smaller for EF. coli 
RNase assays in the presence of Mg++ ions and could not ac- 
count for the inhibition found with this cation. That this effect 
is larger with the pancreatic than with the EF. coli enzyme might 
be due to the fact that the latter produces largely mononucleo- 
tides from RNA. The precipitability of mononucleotides by 
acid would be less affected by Mg** ions than that of the poly- 
nucleotide mixture liberated by the pancreatic enzyme. The 
data shown in Fig. 3 have been corrected for this nonenzymatic 
effect of Mg** ions on the assay. 

KCl and NaF enhance the activity of FE. coli RNase to the 
same extent as NaCl. 


Mechanism of Action 


Study of Total Digest of RNA by E. coli RNase—The reaction 
mixture contained 6 mg of RNA from 70 S ribosomes, 75 units 
of E. coli RNase in 0.7 ml of 0.1 m Tris buffer, pH 7.4, and 0.1 
a NaCl. The RNA was already in solution when the enzyme 
was added. The incubation was carried out at 37° for 24 hours 
in presence of a few drops of toluene. A control containing 
RNA alone was incubated under the same conditions. At the 
end of incubation, the reaction mixture was diluted with 5 vol- 
umes of water, the pH adjusted to 8.0 with dilute NaOH, and 
the resulting solution analyzed on a column of Dowex 1-X8, as 
described under ‘‘Methods.’’ The chromatogram showed four 
peaks; three of them were identified as the 3’-isomers of cytidylic, 
adenylic, and guanylic acids. The fourth was uridylic acid and 
although, under the chromatographic conditions employed, the 
two isomers are not resolved from each other, the ratio of ab- 
sorbancy at 280 my to that at 260 mu measured in each fraction 
of the peak gave consistently the characteristic value for the 
3’-isomer (0.32 compared to 0.28 for the 2’-isomer). The nu- 
cleotide composition of the RNA estimated in this way was in 
close agreement with that obtained from alkaline hydrolysates 
(9). 

These results were confirmed by submitting a total digest of 
RNA by RNase to paper chromatography in Solvent I and to 
subsequent electrophoresis at pH 3.5 (2 hours, 35 volts per cm) 
as described under ‘‘Methods.”’ Only four spots were found; 
these were identified as the 3’-isomers of adenylic and guanylic 
acids and as the 2’-isomer, 3’-isomer, or both, of uridylic and 
eytidylic acids by the usual procedures, such as those described 
by Reddi (26). 

Study of Partial Digest of RNA by E. coli RNase—RNA, 7 mg, 
from 70 S ribosomes and E. coli RNase, 15 units, in 0.4 ml of 0.1 
M Tris buffer, pH 7.4, containing 0.1 m NaCl, were incubated 
for 3 hours at 37° in presence of toluene. Two such digests were 
prepared and aliquots of 0.05 ml applied, each on a separate 
sheet of Whatman No. 3 MM filter paper, as described under 
“Methods.”” They were subjected to chromatography in Sol- 
vent II and subsequent electrophoresis at pH 3.5 (3 hours, 45 
volts per cm). Thirteen spots and in addition a strong band 


remaining at the origin were observed. Four weak spots were 
identified as the 3’-isomers of adenylic and guanylic acids and 
as the 2’-isomers, 3’-isomers, or both, of cytidylic and uridylic 
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TABLE II 
Action of E. coli RNase on cyclic nucleotides 


The ratio of enzyme* to substrate was 0.5 unit per umole. Tem- 


perature was 37°. 


Cyclic nucleotide cleaved after 


Cyclic nucleotide 


| 18 hrs | 36 hrs 

% 
Adenosine 2’,3’-cyclic-P............. ! 56 100 
Guanosine 2’,3’-cyclic-P............. 9.3 18 
Cytidine 2’,3’-cyclic-P............... | 50.3 99 
Uridine 2’ ,3’-cyclic-P................ 8.9 | 17.5 


* The enzyme was prepared according to the procedure out- 
lined in Fig. 2. 


acids. Four strong spots were shown to be the cyclic adenylic, 
guanylic, cytidylic, and uridylic acids by the procedures de- 
scribed by Markham and Smith (21). Five additional spots 
were relatively weak and were not identified, but from their 
R, values and their mobilities they were probably cyclic and 
noncyclic derivatives of polynucleotides. The strong band that 
remained at the origin probably represented some undigested 
or partially degraded RNA. 

Hydrolysis of Cyclic Nucleotides by E. coli RNase—The incuba- 
tion mixtures contained 3 umoles of the cyclic nucleotide to be 
studied in 0.05 ml of water, and 0.25 ml of a solution of E. coli 
RNase (1.5 units) in 0.12 m Tris buffer, pH 7.4, and 0.06 m 
NaCl. Controls containing the cyclic nucleotide in 0.3 ml of 
0.1 m Tris buffer and 0.05 m NaCl were run in parallel. Toluene 
was added and the mixtures incubated at 37°. After 18 and 36 
hours, aliquots of 0.1 ml were subjected to high voltage electro- 
phoresis on Whatman No. 3 MM paper, (pH 7.4, 2 hours, 35 
volts per cm).! The spots were excised from the sheet, cut into 
small pieces, introduced into centrifuge tubes, and 6 ml of 0.1 
N HCl added to each tube. After thorough mixing, the tubes 
were left overnight. They were then centrifuged, and the ab- 
sorbancy of the clear supernatant read at 260 mu. The results 
are given in Table ITI. 

Nucleotide Composition of Dialyzable Products Released During 
Successive Stages of Digestion—A solution of RNA from 70 S 
ribosomes in 0.1 M ammonium bicarbonate (12 mg/0.7 ml) was 
mixed with 0.2 ml of a solution of EF. coli RNase in water (7 
units) and dialyzed against 7 ml of 0.1 M ammonium bicarbonate 
at 25°. Aliquots (0.1 ml) of the dialysate were removed at 
intervals, diluted to 2.6 ml with 0.1 M ammonium bicarbonate, 
and their absorbancies read at 260 mu. The outer liquid was 
replaced by fresh ammonium bicarbonate when its absorbancy 
reached a value corresponding to the percentage of degradation 
of RNA shown in Table III. The five dialysates so obtained 
were lyophilized and the dry residue hydrolyzed in 0.05 ml of 
70% HClO, at 100° for 1 hour. The base composition of each 
hydrolysate was estimated by the technique described by Wyatt 
(22). The results given in Table III indicate that the first 
fragments released from RNA by the enzyme (Dialysate I, Table 
III) are rich in adenine and poor in guanine, whereas the part 
of RNA which is more resistant to FE. coli RNase has a high con- 
tent of guanine. The ratio (A + U) / (G + C) is high at the 


1 Alternatively, aliquots were chromatographed in Solvents I 
and II. 
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TaBLeE III 
Nucleotide composition of dialyzable products released during successive stages of RNA digestion by E. coli RNase 
| 4 Nucleotides 
Dialysates atv + at 
| A | G | c | U 
| | 
| 22.5 32 | 25 | 19 | 24 1.3 
| 24.0 26 31 | 21 | 22 0.9 
| 22.0 25 | 33 | 23 | 19 0.8 
| 4.6 21 40 | 25 | 14 0.5 
100.0 26 32 | 22 | 20 0.85 
| | | | | 
Composition of RNA from 705 ribosomes (9). 25.0 + 0.5 | 31.54 0.6 22.1406 £=21.4+ 0.6 0.86 


* Final absorbancy is 1.4 times the initial absorbancy of the RNA solution. 
t+ A, G, C, U, stand for adenylic, guanylic, cytidylic, and uridylic acid, respectively. 


beginning and decreases continuously as the digestion proceeds 
further. 

These results show that F. coli RNase cleaves all internucleo- 
tide linkages in RNA, giving rise to nucleoside 2’ ,3’ cyclic phos- 
phates. These in turn are converted slowly to the nucleoside 
3’-phosphates exclusively, the 6-amino 2’,3’ cyclic nucleoside 
phosphates being cleaved about 5 times faster than the 6-keto. 
In the initial stage of RNA digestion, the enzyme releases more 
adenylic and uridylic than guanylic and eytidylic acids. 


Amount of RNase in FE. coli Ribosomes 


The RNase activity per 100 mg of 70 S ribosomes was esti- 
mated in six different preparations, and the values obtained 
ranged from 95 to 105 units. Four of the preparations were 
assayed after Step I of the purification procedure. In the fifth 
preparation, portions of the 4 M urea digest were assayed before 
and after removal of the urea by dialysis.2~ The same activity 
was found in both cases, thus excluding the possibility of inacti- 
vation or removal by precipitation of some RNase during the 
dialysis of the urea digest against water. The last preparation 
had been purified by centrifugation in a CsCl solution of 1.46 
density (27). Under these conditions, the ribosomes alone 
sedimented to the bottom of the tube, whereas all material of 
lower densities floated to the top where it formed a solid layer. 
The RNase content of this preparation was assayed after Step 
I of the purification procedure. 

The specific activity of the purest preparation of F. coli RNase 
was found to be 2050 units per mg of protein. Its molecular weight 
could not be determined in view of the small amount of enzyme 
isolated. To calculate the amount of enzyme per mole of ribo- 
somes, its molecular weight was assumed to be the same as that 
of pancreatic RNase. A value of 0.1 mole of RNase per mole 
of ribosome (molecular weight, 2.8 x 10® (4)) was obtained. 
Since it is likely that the specific activity of pure EF. coli RNase 
is higher than the value reported above it would appear that 
this figure is a maximum. 

If it were assumed that the specific activity and the molecular 
weight of FE. coli RNase are both the same as those of the pan- 
creatic enzyme, our value would become 0.01 mole per mole of 


2 Since urea has an enhancing effect on the RNase assay, cor- 
rections were made by running controls with and without urea. 
In 0.16 mM urea, the activity of FE. coli RNase was enhanced by 8%. 


705 ribosome. Bolton et al. (3) have reported a value ranging 
from 0.1 to 1 mole per mole of ribosomes and one can calculate 
from the data of Elson (2) a value of about 0.08 mole per mole. 


Is E. coli RNase Integral Component of Ribosomes? 


Since there is less than 1 molecule of RNase per ribosome, it 
is important to determine whether this enzyme is an integral 
part of the ribosomes in which it occurs, or merely a contaminant. 

The procedure described by Tissiéres et al. (4) separates a cell- 
free extract from EF. coli into three different fractions: (a) cell 
debris consisting mostly of pieces of cell walls and cell mem- 
branes; (b) crude extract or supernatant after centrifugation at 
6000 xX g for 15 minutes; and (c) supernatant obtained after 
centrifuging the crude extract for 2 hours at 100,000 x g to 
sediment the ribosomes. This last fraction was further sub- 


- mitted to two cycles of centrifugation for 6 hours at 100,000 x 


g in order to remove completely any ribosomes still present 
It was then dialyzed against H,O and lyophilized. RNase 
activity was assayed on a portion dissolved in water. Another 
portion was treated with 4 M urea as described in the purification 
procedure and its activity assayed after Step I. Both assays 
were negative. Although the cell debris fraction might still 
contain some activity, it would appear that all the RNase ofa 
cell-free extract is associated with the ribosomes. Similar re- 
sults have been obtained by Bolton et al. (3) and Elson (2). 

Ribosome preparations purified by centrifugation in CsCl (27) 
were then investigated. RNase activity of the solid layer and 
of the ribosome pellet (see above) was assayed both before and 
after treatment with 4 m urea. No RNase activity could be 
found in the solid layer, although the assay was sensitive enough 
to detect less than 0.3% of the activity present in the untreated 
preparation. All RNase activity was present in a latent form 
in the purified pellet of ribosomes. 

These results, together with the finding of a constant average 
amount of RNase activity per mg in all the ribosome prepara- 
tions studied, support the view that Z. coli RNase is so tightly 
bound to the ribosomes that it cannot be dissociated without 
the use of reagents that cause the breakdown of the nucleopro- 
tein. 

Acid Phosphatase in E. coli Ribosomes 

During the purification of E. coli RNase, phosphatase activity 

was detected in the material after Step II. The activity belongs 
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to a protein which is apparently less basic than most of the pro- 
teins of the ribosomes, since it is not retained by Amberlite CG- 
50 in the chromatographic Step III (see Fig. 1). It can thus be 
separated from the bulk of proteins and freed from RNase. The 
chromatographic fraction containing the phosphatase activity 
ean be dialyzed and lyophilized to yield a stable preparation. 

Preliminary experiments have shown that this phosphatase is 
active at pH 3 to 5 but inactive at pH 7. It is completely in- 
hibited by 0.01 m sodium fluoride, and phosphate ions have a 
strong inhibitory effect, about 20% of the activity remaining in 
0.007 m phosphate. It cleaves o-carboxyphenyl phosphate, p- 
nitrophenyl phosphate, 8-glycerophosphate, and fructose-1 ,6- 
diphosphate in that order of decreasing affinity; it shows low 
affinity for nucleotide monophosphates. 

Since both acid and alkaline phosphatase activities exist in cell 
suspensions or cell-free extracts (28) it is important to know 
whether the phosphatase found in the ribosomes is a contaminant 
or not. Experiments with ribosomes purified by CsCl (similar 
to the experiments described in the preceding paragraph for 
RNase) cannot be performed since phosphatase activity is de- 
stroyed at the salt concentration used in this procedure. How- 
ever, when ribosomes purified by centrifugation in 50% sucrose 
(27) were used, a procedure yielding results similar to those ob- 
tained by the CsCl treatment, all activity was found associated 
with the pure ribosomes. This suggests that the phosphatase is 
tightly bound to the ribosomes. 

Inasmuch as phosphatase activity can be demonstrated only in 
the pH range 3 to 6, in which the ribosomes are known to be un- 
stable, it is difficult to determine whether the enzyme is present 
ina latent form. When ribosomes are assayed for phosphatase 
activity at pH 5 in 0.05 m acetate, no activity is found during the 
first 25 minutes of incubation at 25°. Activity then begins to 
appear. It may be that phosphatase activity is released only 
when the ribosomes break down, but further experiments are re- 
quired to decide whether this enzyme is latent or not. 


Location of Ribonuclease and Phosphatase in E. coli Ribosomes 


The ribosomes isolated from FE. colt are formed of two subunits 
with sedimentation constants of 50 S and 308. The two units 
combine in the presence of sufficient magnesium to yield a rib- 
osome of sedimentation constant of 70 S (4). Elson and Tal 
(29) have reported that virtually all the RNase activity is asso- 
ciated with the 30 S component. 

Three different preparations of ribosomes, two of 50 S and one 
of 30 S, were analyzed in the ultracentrifuge as described under 
“Methods.’”? These preparations were then treated with urea as 
described in Step I of the purification procedure and assayed for 
RNase and phosphatase activity. The results are presented in 
Table IV. The low activity found in the two 50 S preparations 
can be accounted for by the presence of small amounts of the 30 
S component as a contaminant. Indeed, by assuming that in the 
708 ribosome (for which the constant RNase content is given in 
Table 1V, Column 2) the weight ratio of 50 S to 30 S is 1:2.5 (4) 
and that all RNase activity is present in the 30 S component 
exclusively, one can calculate what would be the percentage of 
30S in all three preparations. The result of such a calculation is 
given in Table IV, Column 6. The agreement between the val- 
ues obtained both by ultracentrifugation and activity estimations 
is reasonably good and thus confirms Elson’s and Tal’s finding. 

In the case of phosphatase, however, the distribution of activ- 
ity between the two kinds of ribosomes indicates that they both 


resulted in destruction of the latter. 
a latent RNase in EF. coli ribonucleoprotein particles by Elson 


’ cell, such as mitochondria and cell supernatant. 
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TABLE IV 


Ribonuclease and phosphatase content of 50 S and 30 S 
ribosomes from E. coli 


50 S and 30 S mea- | 
Activity* of ribosomes sured by ultra- 30S calculated 
centrifugation{ _ from activity 
Measurements 
| | (see text) 
RNase 50S OS | 
units/100 mg % | % 
50 8 40 88.0 
50S 48 | 84.6 | 15.4 | 13.7 
30S 176 319 14°). @a 
70S 110 1007 | | 


* Values are the mean of four estimations. 

t Mean value for six different preparations. 

t Values are the mean of measurements of two frames of the 
picture taken with the schlieren optical system. 


contain the enzyme. The amount of phosphatase per milligram 
of ribosome is about twice as great in the 30S as in the 50S rib- 
osome. 


DISCUSSION 


The association of a ribonuclease with a ribonucleoprotein par- 
ticle isolated from tobacco leaves was first reported by Pirie (30, 
31). Attempts to dissociate the enzyme from the nucleoprotein 
Following the discovery of 


(1), RNase was found in ribosomes from yeast (32), pea seedlings 
(33), guinea pig pancreas (34), liver (35), and in microsomes from 
the mouse pancreas (36). In those cases, however, with the ex- 
ception of EF. coli, RNase was also present in other fractions of the 
It was therefore 
difficult to demonstrate that the association of RNase with the 
nucleoprotein was not due to contamination, because this is 
known to occur (37). The results obtained here indicate that in 
a crude extract from LE. coli, all RNase activity is located in the 
ribosomes, thus confirming earlier observations (2, 3). Further- 
more, in agreement with Elson and Tal (29), we found all the 
RNase of the ribosomes associated exclusively with the 30 8 com- 
ponent. This renders unlikely the possibility that RNase be- 
came bound to ribosomes during the isolation procedure. 

The significance of this enzyme in the ribosomes is not known. 
As discussed by Elson (2) RNase might be one of the proteins of 
the cell synthesized by the ribosomes or it might play some role 
in ribosome metabolism. In the former case, the ribosomes 
should also contain other enzymes. Indeed, a leucine aminopep- 
tidase (3) and a latent DNase (2) have been found, and we report 
here the presence of a fourth enzyme, an acid phosphatase. The 
fact that there is less than 1 molecule of RNase per ribosome could 
then mean either that only a fraction of the ribosomes synthesize 
this particular enzyme, or that only a fraction of the enzyme mol- 
ecules are in a finished, fully active form. In any case, however, 
on this hypothesis one would expect to find some RNase released 
from the ribosomes in the cell, but this was not observed. If the 
alternative explanation were correct, RNase might act in both 
degradation and synthesis. As a degradative enzyme, LE. coli 
RNase produces mainly cyclic nucleotides and, more slowly, 
nucleoside 3’-phosphates, both of which are useless for the pool of 
nucleoside 5’-phosphates. However, the cyclic nucleotides could 
act as substrates for limited synthesis and transnucleotidation of 
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oligonucleotides, inasmuch as it has been shown that some 
RNases (38, 39) catalyze these reactions. That RNase might be 
concerned with synthesis as well as breakdown of RNA has been 
recently suggested (40). 

Through the study of its mode of action, the enzyme present in 
the ribosomes from £. coli and responsible for RNA degradation, 
was identified definitely as an RNase. Its mechanism of action 
resembles most closely that of the RNase from rye grass (6). 
Both enzymes cleave all internucleotide linkages in RNA, giving 


rise to nucleoside 2’ ,3’ cyclic phosphates that, in turn, are con- | 


verted to the nucleoside 3’-phosphates exclusively. However, 
whereas RNase from rye grass hydrolyzes cyclic adenylic and 
cyclic uridylic acids at about the same rate, FE. coli RNase hy- 
drolyzes cyclic adenylic and cytidylic acids (6-amino nucleotides) 
5 times faster than cyclic guanylic and uridylic acids (6-keto 
nucleotides). It must be pointed out, however, that the results 
of the action of FE. coli RNase on the cyclic nucleotides were ob- 
served with an enzyme prepared by the chromatographic pro- 
cedure outlined in Fig. 2. When the enzyme was purified by 
the procedure given in Fig. 1, the activity on cyclic cytidylic 
acid, as compared to that on RNA, was lower. This can be 
explained in two ways: either, there are two enzymes with similar 
chromatographic behavior, or there is only one enzyme which 
performs two functions, an inhibitor of one function (41) being 
present in one preparation but not in the other. It is interesting 
to note in this connection that the examination of the data avail- 
able in the literature on the specificity of RNases from very 
different origins suggests that RNases with an alkaline pH 
optimum display a narrower specificity than those with an acid 
pH optimum. If this is true, then the broad specificity of E. 
coli RNase, the optimal pH of which is alkaline, suggests that 
there may be some contamination by another enzyme, possibly 
an RNase of the acid type. 

E. coli RNase could be used, as Shuster et al. (6) have demon- 
strated for the rye grass RNase, as a tool for structural studies of 
oligonucleotides, inasmuch as both enzymes possess the same 
specificity. It was used as an hydrolyzing agent for the deter- 
mination of the nucleotide composition of FE. colt soluble RNA 
(42), as all bonds are broken by the enzyme, whereas the alkaline 
hydrolysis of RNA always leaves a small fraction of resistant 
oligonucleotides (43). Furthermore, as RNA hydrolysis by £. 
coli RNase is carried out in dilute buffer at a neutral pH, there is 
no need of removing excess ions, such as potassium in KOH hy- 
drolysates, and the digest, after suitable dilution, can be imme- 
diately loaded on an anion exchanger for chromatographic analy- 
sis. 

Although the properties of FE. coli RNase considerably resem- 
ble those of pancreatic RNase, for instance, pH optimum, heat 
stability at acid pH, heat lability at alkaline pH, and salt effects 
on activity, its chromatographic behavior is quite different. In 
0.2 m phosphate buffer, pH 6.47, the distribution coefficient of 
E. coli RNase between resin phase and solution is about 100 as 
compared to 3 for the pancreatic enzyme; hence, the former is a 
more basic protein. Another difference was found in the effect 


of magnesium, which is an activator of pancreatic RNase (25) 
but an inhibitor of FE. coli RNase. 

The phosphatase found in the ribosomes from E. coli is of the 
acid type. No alkaline phosphatase activity could be detected 
but it must be pointed out that in EF. colt grown on normal me- 
dium there is much less alkaline than acid phosphatase (28); if 
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this proportion is maintained in the ribosomes, such a low actiy- 
ity would not have been detected: 7 


SUMMARY 


An enzyme responsible for ribonucleic acid degradation, which 
has been reported to exist in a latent form in Escherichia coli rib- 
osomes, has been purified and identified as a ribonuclease by its 
mode of action. 

After a 730-fold purification, the specific activity per millj- 
gram of protein is about 10 times lower than that of pancreatic 
ribonuclease. The preparation is free of phosphatase and deoxy. 
ribonuclease. It shows maximal activity at pH 8.1 and retains 
half of its activity when heated 10 minutes at 100° at pH 3.1. It 
is stable in the cold between pH 4 and 8; its activity is enhanced 
by sodium chloride, potassium chloride, and sodium fluoride, but 
inhibited by magnesium salts and by sodium dodecyl sulfate. 
From its chromatographic behavior, the molecule appears to be 
more basic than pancreatic ribonuclease. 

E. coli ribonuclease cleaves all internucleotide bonds in rib. 
onucleic acid, giving rise to nucleoside 2’ ,3’-cyclic phosphates, 
which in turn are more slowly hydrolyzed to the corresponding 
nucleoside 3’-phosphates exclusively. The enzyme hydrolyzes 
the cyclic adenylic and cytidylic acids (6-amino nucleotides) 
about 5 times faster than the cyclic guanylic and uridylie acids 
(6-keto nucleotides). In the initial stages of ribonucleic acid di- 
gestion the enzyme releases more adenylic and uridylic acids than 
guanylic and cytidylic acids. 

The ribonuclease activity of EF. coli appears to be associated 
exclusively with the ribosomes, with the possible exception of the 
cell wall and the cell membrane, which were not examined. The 
results confirm the finding that ribonuclease is present only in the 
ribosomes that sediment at 30 S (30 S ribosomes). 

The ribonuclease content of the ribosomes, based on the specific 
activity of the purest preparation, is 0.1 molecule per ribosome; 
in this calculation the molecular weight of the enzyme is taken to 
be the same as that of pancreatic ribonuclease. If the specific 
activity of FE. coli ribonuclease were comparable to that of the 
pancreatic enzyme, this figure would become 0.01 molecule per 
ribosome. 

An acid phosphatase is also present in the ribosomes. It has 
been separated from the ribonuclease and some of its properties 
are reported. The 30S ribosomes contain about twice as much 
phosphatase as the 50S ribosomes. 
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The biosynthesis of deoxythymidine phosphate from deoxy- 
uridine phosphate has been reported to occur in preparations 
from animal tissues (1-3) and from Escherichia coli (4). In E. 
coli, the reaction occurs much more rapidly after infection of the 
cells with bacteriophage (5, 6). In the present paper, it has 
been demonstrated that Streptococcus faecalis R is also a con- 
venient source of thymidylate synthetase. 

The chemical identity of the immediate reductant in the 
thymidylate synthetase reaction is not known with certainty. 
Although reduced diphosphopyridine nucleotide has a stimulating 
effect on deoxythymidine phosphate synthesis in some enzyme 
systems (1-3), Humphreys and Greenberg (2) have suggested 
that tetrahydrofolate, which is involved in the biosynthesis of 
deoxythymidine phosphate, acts not only as a carrier of the 1- 
carbon fragment, but also as the immediate reductant of the 
hydroxymethyl group. The results they obtained in a study of 
deoxythymidine phosphate synthesis from deoxyuridine phos- 
phate and formaldehyde-C™ by extracts of rat thymus gland 
support this hypothesis. They reported that the amount of 
deoxyuridine phosphate synthesized never exceeds the amount 
of the active isomer of tetrahydrofolate added to the system and 
that reduced triphosphopyridine nucleotide stimulates only at 
suboptimal levels of tetrahydrofolate. They suggested that, 
in the course of deoxythymidine phosphate synthesis, tetra- 
hydrofolate is oxidized to dihydrofolate, that is then reduced 
again by reduced diphosphopyridine nucleotide. 

The findings of Friedkin (7, 8) also support this theory. By 
using tetrahydrofolate labeled in positions 5, 6, 7, and 8 with 
tritium, he demonstrated that the hydrogen isotope from these 
positions of tetrahydrofolate was incorporated into the methyl 
group of deoxythymidine phosphate. There was a 5- to 6-fold 
dilution of the specific activity of the hydrogen incorporated, 
however, and the reason for this is uncertain. 

Results with S. faecalis R extracts are presented that are 
similar to those of Humphreys and Greenberg, but which show 
in addition that tetrahydrofolate acts catalytically in the pres- 
ence of pyridine nucleotides. They also show that the effect of 
aminopterin on the thymidylate synthetase system is consistent 
with the hypothesis that tetrahydrofolate is the reductant of the 
hydroxymethy! group. 

A brief account of this work has been published previously (9). 


EXPERIMENTAL PROCEDURE 


Organism—Streptococcus faecalis R (ATCC 8048) was kindly 
supplied by Dr. June Lascelles of the Department of Biochemis- 
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try, University of Oxford. It was maintained in stab culture on 
medium B1 of Nimmo-Smith, Lascelles, and Woods (10). After 
incubation at 37° for 24 hours, the cultures were stored at 4° for 
a month, when a further transfer was made. 

Growth of Cells—Cells for the preparation of the extract were 
grown in a medium similar to that of Wood and Gunsalus (11), 
of the following composition: yeast extract (Difco), 1%; tryptose 
(Difeo), 1%; KeHPO,, 0.5%; glucose, 0.39%. The medium 
(except glucose) was sterilized by autoclaving at-15 pounds per 
sq in for 20 minutes. A solution of glucose, which had been 
autoclaved separately, was added aseptically after sterilization, 
and the medium then inoculated from a freshly grown stock 
culture. After 18 hours of incubation at 37°, the resulting 
culture was used as inoculum for 10 times its volume of nonsterile 
medium of the same composition. This culture was incubated 
at 37° until the turbidity reached approximately half the maxi- 
mal value attainable, so that the culture was in the logarithmic 
phase of growth. The cells were harvested by centrifugation 
and washed once by resuspension in a volume of 0.01 m N- 
ethylmorpholine, pH 7.4, equal to 10% of the culture volume. 

Preparation of Extract—The washed cells (approximately 12 
g of cell paste) were suspended in 50 ml of 0.1 mM N-ethylmor- 
pholine, pH 7.4, and treated in a Raytheon 250-watt, 10-ke 
sonic oscillator for 40 minutes. This and all subsequent steps 
were carried out at 0-5°. The suspension was centrifuged for 
20 minutes at 12,000 x g and the sedimented pellet discarded. 

After the extract had been dialyzed overnight against 0.01 
N-ethylmorpholine buffer, pH 7.4, nucleic acid was removed by 
treatment with streptomycin sulfate. The disappearance of the 
absorbancy maximum at 257 my was taken as an indication that 
the removal of nucleic acid was substantially complete; for this 
approximately 0.03 volume of 20% streptomycin sulfate was 
required. The precipitate was removed by centrifugation at 
12,000 x g, and the supernatant was dialyzed overnight against 
0.01 m N-ethylmorpholine, pH 7.4, to remove excess streptomycin 
sulfate. The extract as then stirred for 10 minutes with 
Dowex 1-Cl- (200 to 400 mesh, 100 mg per ml of extract) to 
remove acidic cofactors. The Dowex-treated extract showed 
no significant loss in activity at 4° during periods of up to 6 
weeks. It contained 6 to 12 mg of protein per ml, about 70% 
of that in the untreated extract with specific activity of 30 to 80 


mumoles of dTMP per mg of protein per hour under the optimal | 


| 


conditions. 
Measurement of Thymidylate and Thymidine Synthesis— 
dTMP was separated from the reaction mixture by paper chro- 
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matography in isopropanol-HCl. In experiments in which 
carrier thymidine was added in addition to dTMP, thymidine 
was first separated from the reaction mixture by paper chroma- 
tography in butanol-ammonia. Nucleotides were then eluted 
and rechromatographed with the isopropanol-HCl solvent. 

After elution of dTMP and thymidine from paper chroma- 
tograms with water, these compounds were degraded to yield 
acetol which was then treated so as to yield iodoform from the 
methyl group by a modification of the method of Elwyn and 
Sprinson (12) as follows. To the sample of thymidine or dTMP 
(volume 1 ml, adjusted to pH 5 or lower), 0.3 ml of saturated 
bromine water was added and the solution allowed to stand at 
95° for 1 minute. Ethylenediaminetetraacetate (0.6 ml, 0.2 m) 
and 0.35 ml of 5 N NaOH were added and the tube placed in a 
boiling water bath for 1 minute. After the solution had cooled, 
1 ml of 0.1 m KI and 0.3 ml of 1.5 m sodium hypochlorite were 
added and the mixture kept at 0° for 5 minutes. After the 
precipitate of iodoform had been washed with water at 0°, it was 
dissolved in 6 ml of toluene at 0°, centrifuged free from water 
droplets, and a 4 ml portion of the iodoform solution weighed 
into a vial containing 8 ml of the scintillator solution. This 
solution contained 6 g of 2,5-diphenyloxazole and 0.16 g of 
1 ,4-bis-2’(5’-phenyloxazolyl) benzene per liter of toluene. After 
the sample was mixed and cooled to 0°, the radioactivity of the 
sample was determined in a Packard Tri-Carb liquid scintillation 
counter. Providing the voltage of the photomultiplier was set 
to give the maximal number of pulses over the range 10 to 50 
volts, the quenching effect of up to 2 mg of iodoform was negligi- 
ble. 

The amount of iodoform in the toluene solution to be counted 
was determined with the ultraviolet absorption of iodoform 
dissolved in toluene (ayy at 348.5 mu = 2.48 xX 10%). The 
specific radioactivity of the iodoform and the amount of dTMP 
synthesized were calculated from the relationship: 


amount of dTMP-C" synthesized 


iodoform specific activity 


X amount of carrier added 
serine specific activity 


Protein Concentration was measured by the biuret method of 
Gornall, Bardawill, and David (13). 

Measurement of Absorption Spectra—This was carried out 
with a Beckman model DK2 ratio recording spectrophotometer. 

Materials—dCMP and thymidine were obtained from the 
California Corporation for Biochemical Research. ATP was 
obtained from the Sigma Chemical Company. dTMP was 
obtained both from the California Corporation for Biochemical 
Research and from the Sigma Chemical Company. When 
received as the calcium salt, it was converted to the sodium salt 
by dissolving in 1 equivalent of dilute formic acid, washing 
through a Dowex 50-H+ column with water and neutralizing 
the effluent with n NaOH. DPNH (enzymically reduced, 90% 
pure), TPNH (chemically reduced, 90% pure), and glutathione 
(reduced form) were obtained from the Sigma Chemical Com- 
pany. Pyridoxal phosphate was a gift from Dr. A. L. Morrison 
of Roche Products; 2,3-dimercaptopropanol was obtained from 
Bios Laboratories, Inc.; and 2-amino-2-methyl-1 ,3-propanediol 
and N-ethylmorpholine from Eastman Organic Chemicals. 
Before use, the latter was distilled under reduced pressure; for 
preparation of buffers, the pH of the solution was adjusted by 
addition of HCl. Concentration values given in the text for 
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from which the amino acids were eluted with 0.5 n HCI. 
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the buffer refer to N-ethylmorpholine. 2,5-Diphenyloxazole, 
1 ,4 - bis - 2’(5’ - phenyloxazolyl)benzene and a 1 m methanolic 
solution of hyamine, N-p-(diisobutylcresoxyethoxyethy]l), 
N-dimethyl , N-benzylammonium hydroxide were obtained from 
the Packard Instrument Company, Inc. 

Russell viper venom was obtained as a frozen-dried prepara- 
tion from the Haffkine Institute, Bombay, India. 

dUMP was prepared from dCMP by a modification of the 
method used by MacNutt (14) for the preparation of deoxy- 
uridine from deoxycytidine. The product was purified by 
chromatography on a Dowex 1-formate column. 

Folate-H, was prepared by catalytic hydrogenation of puri- 
fied folic acid as previously described (15). Folate-H. was 
prepared by the method of Futterman (16) from purified folate. 
A solution of folate-H2 in 5 mm dimercaptopropanol and 0.1 m 
phosphate buffer, pH 7.0, was prepared fresh each day. It was 
clear and almost colorless when freshly prepared. Aminopterin 
was obtained from Dr. T. H. Jukes of Lederle Laboratories, and 
was purified by paper chromatography and extraction of the 
aqueous solution (adjusted to pH 5) with n-butanol saturated 
with water. The purified product had absorption spectra in 
acid and alkali corresponding very closely to those reported for 
aminopterin (17), but paper chromatography showed the pres- 
ence in small amounts of two- fluorescing contaminants. The 
concentration of aminopterin was calculated from the spectro- 
photometric data. 

Serine transhydroxymethylase was prepared as_ previously 
described (18) and used for enzymatic synthesis of L-serine-3-C™ 
from glycine and formaldehyde-C'. The latter was formed by 
hydrolysis of paraformaldehyde-C", radiochemical purity 80 to 
95%, that was obtained from the Radiochemical Centre, Amer- 
sham, England. t-Serine-3-C™ was isolated from the reaction 
mixture by chromatography on a column of Dowex 50-H?*+ resin 
The 
concentration of the solution of the final product was determined 
by the ninhydrin method of Spies (19) and its radioactivity 
determined in the liquid scintillation counter. 

Chromatographic solvents—The compositions of the solvents 
for chromatography were as follows. The isopropanol-HC] sol- 
vent contained isopropanol, 170 ml, concentrated HCl, 41 ml 
and H,O, 39 ml. The butanol-ammonia solvent contained 100 
ml of n-butanol saturated with water that had been shaken with 
1 ml of ammonium hydroxide (approximately 25% ammonia 
(weight per volume)). The tetrahydrofurfuryl alcohol solvent 
contained isoamyl alcohol, 100 ml, tetrahydrofurfuryl alcohol, 
100 ml, and 0.08 m potassium citrate buffer (pH 3.02), 100 ml. 
The ammonia-H.0 solvent was water adjusted to pH 10 by the 
addition of ammonium hydroxide. 


RESULTS 


Under the experimental conditions selected, the extracts 
prepared from S. faecalis R synthesized dTMP from dUMP 
with the hydroxymethyl group of serine as precursor of the 
thymine-methyl group. The enzyme system showed an absolute 
requirement for folate-H, and for (UMP (Table I, Experiment 
1), and was inactivated by heat (Table I, Experiment 2). 2,3- 
Dimercaptopropanol stimulated synthesis about 2-fold, probably 
by protecting folate-H, from decomposition by oxygen. Addi- 
tion of a large amount of rabbit serine transhydroxymethylase 
increased dTMP synthesis 2-fold (Table I, Experiment 1, and 
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Table II), but in its absence, a considerable amount of dTMP 
was synthesized (Table I, Experiment 1, and Table II), inasmuch 
as the bacterial extract probably contains serine transhydroxy- 
methylase. In the absence of rabbit serine transhydroxymethyl- 
ase, pyridoxal phosphate caused a 5-fold stimulation of dTMP 
synthesis (Table II), presumably by activating the bacterial 
serine transhydroxymethylase. 

Specificity of Enzyme System for Deoxyuridylate—In addition 
to dUMP, dCMP and deoxyuridine were tested as substrates 
for synthesis of dTMP. There was very slight synthesis of 
dTMP from dCMP and none from deoxyuridine alone or with 
added ATP (Table III). However, when Mg++ was added as 
well as ATP, dTMP was formed from deoxyuridine, the rate of 
synthesis being about one-third that obtained with dUMP. 

Identity of Reaction Product—The material produced enzy- 
matically from dUMP was considered to be dTMP-C"H; be- 
cause its synthesis was dependent on the presence in the reaction 
mixture of folate-H, in addition to dUMP and L-serine-C™ and 
because carrier dTMP added to the reaction mixture and re- 


TABLE I 
Requirements for thymidylate synthesis 


The complete system (total volume 1 ml) contained 5 mm 
dUMP, 5.4 mo (5 X 10° c.p.m.), 5 mm folate-H,, 
2.5 mm 2,3-dimercaptopropanol, 160 units of serine transhydroxy- 
methylase, 0.5 mm pyridoxal phosphate, 0.1 m N-ethylmorpholine 
buffer, pH 7.8, and 2.9 mg of bacterial protein. After the air 
was displaced from the tubes with No, the tubes were stoppered 
and incubated at 37° for 1 hour. Each result in this and later 
tables is the mean of duplicates. 


dTMP 
synthesized 
mymoles 
Experiment 1 
Less 2,3-dimercaptopropanol.................... 46 
Less serine transhydroxymethylase.............. 34 
Less pyridoxal phosphate........................ 110 
Experiment 2 
Complete system, boiled extract................. 6 


TaBLeE II 


Effects of pyridoxal phosphate and serine transhydroxymethylase 
on thymidylate synthesis 

The experimental conditions and the components of the reac- 
tion mixture were as described for the complete system in Table 
I, with the following exceptions: pyridoxal phosphate (0.5 mm) 
and serine transhydroxymethylase (120 units) were added as 
indicated; the reaction mixture contained 4.5 mg of bacterial 
protein; and the pH was 8.4. 


dTMP 
Additions synthesized 
mumoles 
300 
Transhydroxymethylase and pyridoxal phosphate... 280 
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TaBLeE III 
Comparison of thymidine and thymidylate synthesis 
from various precursors 
The experimental conditions and the composition of the stand. 
ard system were as described for Table I, except that 130 units of 
serine transhydroxymethylase were added and the pyrimidine 
precursors were as indicated. 


Substrate | ATP Thymidine dTMP 
pmoles | mumoles 
0 | 6 | 180 
Deoxyuridine............ 0 5 8 
Deoxyuridine............ 10 8 3 


isolated by paper chromatography yielded radioactive iodoform 
on degradation. Additional evidence was obtained as follows. 

In order to accumulate a larger amount of the product, we 
allowed the reaction to proceed for 6 hours with 20 times the 
usual volume of reaction mixture. The product was then 
purified by passage through Dowex 50-H* and chromatography 
on Dowex 1-Cl-. In this way, 26 wmoles of dTMP were ob- 
tained. At pH 1, the nucleotide had A max at 263 my (cf. dTMP 
Amax 267 mu). A portion of the nucleotide was converted to 
nucleoside by Russell viper venom as a preliminary to further 
purification. This procedure was preferred to acid hydrolysis, 
because material behaving like thymine in paper chromatog- 
raphy was produced by acid hydrolysis of such compounds as 
5-hydroxymethyluracil. The nucleoside was isolated by chro- 
matography on paper in butanol-ammonia, and was found to 
have Amax at 262 to 263 mu at pH 1 and pH 13. - After further 
purification on Dowex 1-Cl-, the nucleoside had an absorption 
spectrum closely resembling that of thymidine with Ama at 265 
mu. 

A further portion of the nucleotide after 10-fold dilution with 
carrier GTMP was subjected to paper chromatography with 
isopropanol-HCl in one dimension and the tetrahydrofurfury! 
alcohol solvent in the second dimension. A radioautograph of 
the chromatogram showed that the only radioactive spot coin- 
cided exactly with the single ultraviolet-absorbing spot on the 
chromatogram. Similar results were obtained when the nucleo- 
side, prepared as above, was chromatographed on paper with 
butanol-ammonia in the first direction and ammonia-H,0 in the 
second and a radioautograph prepared. 

Finally, it was found that nucleoside, prepared and purified as 
above, yielded iodoform with a specific activity of 5370 c.p.m. 
per umole, which closely agreed with the value of 5280 c.p.m. 
per umole for iodoform from the nucleotide. 

Comparison of Over-all Labeling of Thymidine with Labeling of 
Thymidine-methyl—A portion of the solution of nucleoside used 
in the preceding experiment was counted without degradation. 
Samples of 0.01 ml of a solution of the nucleoside were mixed 
with 0.5 ml of 1 m hyamine in methanol in the counting vials 
before addition of 10 ml of the scintillator solution to each vial. 
The contents were mixed, the vials cooled to 0° and counted. A 
value for the thymidine concentration determined spectro- 
photometrically was used to calculate that the specific activity 
was 6270 c.p.m. per umole, so that the labeling of the methyl 


group accounts for 86% of the labeling in the thymidine molecule. 
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Investigation of Thymidine Formation—In the absence of Mg**, 
dTMP was the only product formed in significant amounts from 
either (UMP or deoxyuridine, in the presence or absence of ATP. 
When Mg*~ and ATP were added to the system containing 
dUMP, however, thymidine was formed in addition to dTMP, 
the rate of thymidine synthesis being about one-third that of 
dTMP. 

Effects of Varying Concentrations of Components of Reaction 
Mizture—The effect of varying the concentrations of dUMP, 
serine transhydroxymethylase, serine, and folate-H, on the rate 
of dTMP synthesis was tested to establish the optimal conditions 
for dTMP synthesis. The optimal amounts of the components 
were as follows: 5 mm dUMP, 130 units per ml of serine trans- 
hydroxymethylase, 5.4 mM L-serine-3-C4, 5 mM _ folate-H,. 
Doubling or halving the concentrations of dUMP or serine 
transhydroxymethylase did not significantly alter the rate of 
dTMP synthesis and the effect of changes in the L-serine-3-C™ 
concentration was slight, but increased concentrations of folate- 
H, produced a significant inhibition of synthesis. 

Effect of pH, Reaction Time, and Amount of Enzyme on Thymi- 
dylate Synthesis—The pH optimum for the reaction was pH 7.8, 
and the reaction velocity was half the optimal value at pH 6.5 
and pH 9. Similar rates were obtained in phosphate, N-ethyl- 
morpholine, and 2-amino-2-methyl-1,3-propanediol buffers. 
Under the optimal conditions, dTMP synthesis was linear over 
a period of 2 hours, during which time 187 mymoles of dTMP 
were synthesized. The relationship of dTMP synthesis to the 
amount of protein present was linear up to the highest amount 
tested, 7.e. 3 mg of protein. 

Effects of Vitamin Biz and Cations—Vitamin By2, when added 
to the system in a concentration of 10 wg per ml, had no signifi- 
cant effect on dTMP synthesis. The addition of Mg*+ caused 
a 2-fold stimulation, whereas Mn** also stimulated but to a 
smaller extent. 

Reductant of ‘‘Hydroxymethyl’? Group—When the level of 
folate-H, in the thymidylate synthetase system was decreased 
from 5 wmoles to 100 mumoles (7.e. 50 mumoles of the enzy- 
matically active isomer), dTMP synthesis decreased from 157 
mumoles to 24 mumoles over a 1-hour period, and, even after a 
6§-hour incubation period, the formation of dTMP was always 
less than 50 mumoles. 
of added folate-H, limited dTMP synthesis, and folate-H, was 
therefore acting under these conditions as substrate, presumably 
as the direct or indirect hydrogen donor. Since these experi- 
ments were performed in the presence of 2.5 uwmoles of dimer- 
captopropanol, it appears unlikely that dimercaptopropanol acts 
as a hydrogen donor in the reaction. This was confirmed by the 
fact that in the presence of 100 mumoles of folate-H4, the amount 
of dTMP synthesized when dimercaptopropanol was present 
was of the same order as when it was absent. 

The effects of other possible reductants on dTMP synthesis 
were also examined. In the presence of 5 umoles of folate-H,, 
DPNH did not stimulate synthesis of dTMP. When 100 
mumoles of folate-H, were used, however, DPNH produced a 
marked stimulation, 257 to 302 mumoles of dTMP being formed. 
With 100 mumoles of folate-H, in the reaction system, TPNH 
stimulated synthesis of dTMP, but the effect was not as great 
as with DPNH. Glutathione did not stimulate dTMP syn- 
thesis. 

dTMP synthesis in the presence of 100 mumoles of folate-H, 
and 1 umole of DPNH was determined at various time intervals 
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It appears, therefore, that the amount . 
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TIME IN HOURS 


Fic. 1. Relationship of thymidylate synthesis to incubation 
time. The conditions and the composition of the reaction mixture 
were as described for Table I, except that 270 units of serine trans- 
hydroxymethy lase, 0.1 mm folate-H,, and 1 mm DPNH were added. 


and was linear (Fig. 1) over the first 3 hours but started to 
decrease during the succeeding 3-hour period. 

Dihydrofolate as Substrate—When folate-H2 replaced folate-H, 
in the reaction system, there was no synthesis of dTMP, but 
when DPNH (2 umoles) was added in addition to folate-H. 
(50 mumoles), considerable synthesis was observed (280 mumoles 
in 6 hours under the experimental conditions). TPNH also 
stimulated dTMP synthesis, but the effect was only about 30 to 
50% of that produced by DPNH. 

Effect of Aminopterin—When aminopterin was added to the 
reaction mixture containing 5 umoles of folate-H, there was no 
effect on dTMP synthesis (Table IV). Similarly, when 0.1 
umole of folate-H, was used, the presence of aminopterin did 
not produce any significant decrease in dTMP synthesis. How- 
ever, when aminopterin was added to the system containing 0.1 
umole of folate-H, and DPNH (2 umoles), it produced a marked 
inhibition, dT MP synthesis being decreased to the level obtained 
when the system contained 0.1 umole of folate-H, but no DPNH. 

Similar results were obtained when folate-H, was replaced by 
folate-H2 in the reaction mixture. With 50 mumoles of folate-H, 


TaBLe IV 
Effect of aminopterin on thymidylate synthesis 


The reaction mixture and experimental conditions were as 
described for Table I, except that the amounts of folate-H, were 


as shown. The tubes were incubated for 6 hours, except those 
containing 5 mm folate-H,, which were incubated for 1 hour. 
Additions 
myumoles 
Folate-H,, 5 mm, aminopterin, 0.072 umole........... 140 
Folate-H,, 0.1 mm, aminopterin, 0.05 uwmole.......... 37 
Folate-H,, 0.1 mm, DPNH, 2 umoles................. 300 
Folate-H,, 0.1 mm, DPNH, 2 uwmoles, aminopterin, 
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and DPNH (2 umoles), 380 mumoles of dT MP were synthesized, 
but this synthesis was completely inhibited by aminopterin. 

Relationship between Deoxyuridylate Disappearance and Thy- 
midylate Formation—The stoichiometric relationship between 
dUMP and dTMP was measured by incubating the usual reac- 
tion mixture but with unlabeled serine. No carrier dTMP was 
added at the end of the incubation, and nucleotides were con- 
verted to nucleosides by incubation with Russell viper venom. 
The nucleosides were isolated by paper chromatography in 
butanol-ammonia. The eluted deoxyuridine was rechromato- 
graphed in butanol-ammonia and after elution, the spectrum 
of the isolated material agreed closely with that of a sample of 
deoxyuridine commercially available (Amax 262 my, (A280) / 
(Ao) = 0.38, (Ao50)/(A260) = 0.76). The amounts of eluted 
deoxyuridine and thymidine were determined from the extinction 
at 260 my at pH 2. An average of 0.82 mole of dTMP was 
isolated per mole of (UMP disappearing. This value is probably 
low because of losses of deoxyuridine and thymidine during 
isolation so that (UMP disappearance may be regarded as equal 
to dTMP formation. 

Reversal of Thymidylate Synthesis—The possible reversal of 
dTMP synthesis was investigated by examining the incorpora- 
tion of label from L-serine-3-C"™ into the methyl group of dTMP 
when dUMP was replaced in the reaction mixture by dTMP. 
If the reaction is reversible, added dTMP would react with 
folate-H. always present in the synthetic folate-H, to form 
dUMP which would receive a labeled methyl group from the 
labeled serine, thus giving rise to dTMP-C™“H;. With the usual 
reaction mixture, containing 5 wmoles of dUMP, 667 mumoles 
of dTMP were synthesized, but none was synthesized when 
dUMP was replaced by 20 umoles of dTMP in the reaction 
mixture. : 

DISCUSSION 


The method introduced for the assay of dTMP synthesis has 
the advantage of the high sensitivity inherent in isotopic methods 
as well as high specificity derived from the chromatographic 
purification of the product together with a fairly specific deg- 
radation procedure. In this latter respect, it is superior to 
methods depending on determination of total nonvolative radio- 
active compounds derived from formaldehyde-C* (5), or on total 
thymine radioactivity (1). It is fairly time-consuming but the 
amount of labor involved is not so great as to preclude the use of 
the method as a routine procedure. 

By the use of the method, it has been demonstrated that sonic 
extracts of S. faecalis synthesize dT MP-C'“H; from dUMP and 
t-serine-3-C4, The amount of dTMP synthesized under opti- 
mal conditions is approximately 50 mumoles per mg of protein 
per hour in the absence of Mg**, and 100 mumoles in the pres- 
ence of Mg++. The latter level of synthesis is 20 times higher 
that that reported for rat thymus extracts (2). The methyl 
group of thymidine derived from the dTMP-C" apparently con- 
tains only 86% of the total radioactivity in the thymidine mole- 
cule, but this difference can not be taken as a reliable indication 
of incorporation of C™ into other positions of the thymidine 
molecule. 

The conversion of dUMP to dTMP occurs at the nucleotide 
level inasmuch as the reaction proceeds in the absence of added 
ATP. Furthermore, under these conditions, deoxyuridine is not 
utilized and no thymidine is formed. However, when ATP 
and Mg** are added to the system, deoxyuridine is converted to 
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dTMP (but not to thymidine). In the presence of Mg++ 
thymidine is formed from dUMP but in much smaller amount 
than dTMP. These results can be explained by postulating. 
(a) formation of (UMP from deoxyuridine and ATP by a Mg++. 
activated deoxyuridine phosphoryl transferase, and (b) break- 
down of dTMP to thymidine by a Mg*+-activated 5/’-nucleo. 
tidase. The finding that no significant amount of thymidine js 
formed from deoxyuridine, whereas a significant amount is 
formed from dUMP, may be due to the fact that the rate of 
formation of dTMP from deoxyuridine is about one-third of the 
rate from dUMP, so that the corresponding rate of thymidine 
formation from deoxyuridine would be negligible. The §g. 
faecalis extracts used in these experiments appear to be sub. 
stantially free of the dCMP deaminase present in phage-infected 
E. coli (20) and in rapidly growing mammalian tissues (21, 22) 
inasmuch as negligible amounts of dTMP are formed from 
dCMP. 

It has been confirmed that in absence of pyridine nucleotides 
folate-H, acts as a substrate in the synthesis of dTMP. Pre. 
sumably, as suggested by Humphreys and Greenberg (2), its 
function as a substrate is to reduce the hydroxymethyl] group 
derived from serine or formaldehyde to the methyl group of 
dTMP with the concomitant oxidation of folate-H, to folate-H,, 
Humphreys and Greenberg consider that in the presence of 
DPNH a dihydrofolic reductase regenerates folate-H, from 
folate-He, since they found that DPNH stimulated the synthesis 
of dTMP by extracts of rat thymus gland only at suboptimal 
levels of folate-H4,. We have obtained similar results in experi- 
ments with S. faecalis extracts, and in this case the stimulation 
by DPNH is such that the amount of dTMP synthesized is 5 to 6 
times the amount of folate-H, added. For the first time, there- 
fore, a system has been obtained in which folate-H, acts cata- 
lytically in the synthesis of dTMP. 

Inasmuch as aminopterin is a powerful inhibitor of the redue- 
tion of folate-H, to folate-H, by dihydrofolic reductase in animal 
tissues (16, 23), the effect of aminopterin on dTMP synthesis by 
extracts of S. faecalis was examined. It was found that in the 
absence of DPNH, aminopterin does not affect the synthesis of 
dTMP and hence aminopterin does not inhibit thymidylate 
synthetase. In the presence of DPNH and catalytic amounts of 
folate-H,4, aminopterin completely abolishes the extra synthesis 
due to DPNH, decreasing the amount of dTMP formed to a 
level never in excess of the amount of the active isomer of folate- 
H,added. When folate-H, is replaced by folate-H, and DPNH, 
aminopterin completely inhibits dTMP synthesis. These re- 
sults also support the hypothesis that DPNH acts by regenerat- 
ing folate-H, from folate-H, rather than as a more immediate 
reductant in the methylation reaction. 

Balance studies indicated that the amount of dTMP syn- 
thesized when the reaction has reached completion is up to 90% 
of the amount of the active isomer of dl,t-folate-H, added, and 
that the amount of dTMP synthesized is approximately equiva- 
lent to the amount of dUMP that disappears. These results are 
in agreement with the over-all reaction: | 


dUMP + serine + folate-H,; 3 
dTMP + glycine + folate-H, + H,0. 


The reverse of this reaction could not be detected. Under the | 
experimental conditions used, this indicates that the reverse — 
reaction, if it occurs, has a rate less than 1.5% that of the for- 


ward reaction. 
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SUMMARY 


The synthesis of thymidylate may be measured by using a C"™- 
labeled precursor of the methyl group of thymidylate, diluting 
the thymidylate-C'4H; with a known amount of carrier and 
jsolating and degrading the nucleotide to yield C'*-labeled iodo- 
form. Extracts of Streptococcus faecalis R have thus been 
shown to synthesize thymidylate-C“H; from deoxyuridylate and 
i-serine-3-C', and the optimal conditions for the reaction have 
been determined. 

Little thymidylate synthesis occurs when deoxycytidylate 
replaces deoxyuridylate as substrate. Deoxyuridine is not 
utilized unless Mg** and adenosine triphosphate are also sup- 
plied when the level of synthesis is about a third of that from 
deoxyuridylic acid. Under these conditions, no significant 
amount of thymidine is formed, but a little is formed in the 
presence of Mg** from deoxyuridylate. 

At low concentrations, in the absence of pyridine nucleotides, 
tetrahydrofolate acts as a limiting substrate for thymidylate 
synthesis. Under these conditions, reduced pyridine nucleotides 
stimulate synthesis, so that tetrahydrofolate assumes a catalytic 
function. Synthesis of thymidylate occurs if dihydrofolate is 
added to the system instead of tetrahydrofolate, provided re- 
duced diphosphopyridine nucleotide is also added. Whereas 
aminopterin does not affect the synthesis of thymidylate when 
tetrahydrofolate but no pyridine nucleotide is present, it com- 
pletely inhibits the extra synthesis due to the addition of reduced 
diphosphopyridine nucleotide in the presence of dihydrofolate 
or of low levels of tetrahydrofolate. The reverse of the thymi- 
dylate synthetase reaction could not be detected. 
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Studies on the synthesis of deoxythymidine phosphate in 
extracts of various bacteria have indicated that the substrate 
is deoxyribosyl uridine phosphate, and that there is little syn- 
thesis of deoxythymidine phosphate or of thymidine from 
deoxyuridine (1-4). In preliminary experiments with rabbit 
thymus extracts in this laboratory, however, it appeared that 
under certain conditions the net conversion of deoxyuridine to 
thymidine proceeds much more rapidly than the conversion of 
deoxyuridine phosphate to deoxythymidine phosphate (5). The 
cause of this discrepancy has been discovered and the results of 
experiments with extracts of acetone-dried calf thymus indicate 
that in thymus extracts, as in bacterial extracts, the substrate 
for the methylation reaction is deoxyuridine phosphate and the 
immediate product deoxythymidine phosphate. While the 
work was in progress, results suggesting the same conclusions 
have been reported by Humphreys and Greenberg (6). The 
effects of various components on the enzyme system are also 
described in the present paper. 


EXPERIMENTAL PROCEDURE 


Preparation of Extracts of Acetone-dried Calf Thymus—Calf 
thymus glands were placed in crushed ice as soon as possible 
after the animals were killed. Glands that had been frozen at 
—15° were found to be inactive. After a delay of not more than 
3 hours, acetone-dried powders were prepared from the thymus 
glands by the method previously used for rabbit liver (7) and 
stored over P.O; at a pressure of 0.05 mm Hg at 5°. Powders 
stored in this way were found to retain activity for several 
months. 

The acetone-dried calf thymus was powdered and homogenized 
in buffer at 4° in a Potter-Elvejhem glass homogenizer fitted 
with a Teflon pestle, or, in larger preparations, in a Waring 
Blendor. Buffer, 15 ml per g of powder, was used, and, unless 
otherwise stated, the buffer was 0.1 m N-ethylmorpholine, pH 
7.4. The homogenate was centrifuged at 10,000 x g for 30 
minutes at 5°, and the residue discarded. The supernatant was 
dialyzed against 0.01 m N-ethylmorpholine, pH 7.4, at 5°. 

Removal of Nucleic Acid—After the concentration of N-ethyl- 
morpholine buffer, pH 7.4, in the extract was brought to 0.05 m, 
the solution was stirred at 0° while successive 0.02 volume por- 
tions of 2% protamine sulfate were added dropwise until nucleic 
acid removal was sufficiently complete to cause the disappearance 
of the 260-my peak from the absorption spectrum of the cen- 
trifuged extract. The nucleic acid-free extract was treated with 
Dowex 1-Cl- (100 mg per ml of extract) at 0° for 10 minutes to 
remove acidic cofactors and nucleotides. 
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Measurement of Thymidine and dT MP Synthesis—The method 
previously described (4) was used, but in some experiments 
there were these modifications: 

(a) Use of ion exchange resins for isolation of thymidine and 
dTMP. After carrier thymidine and dTMP had been added to 
the reaction mixture and the solution placed in a boiling water 
bath for 2 minutes, the solution was cooled and pipetted onto a 
column of Dowex 1-Cl- (1.1 & 2 em, 200 to 400 mesh). Since 
the mixture applied had a pH of 7.4, thymidine ¢ould be washed 
through the column with water. The column was then washed 
with 50 ml of mn HCI before elution of the dTMP with 0.1 n 
HCl. The thymidine-containing effluent from the column was 
concentrated to about 1 ml and freed from serine-3-C" and 
interfering cations by passage through a column of Dowex 50, 
The thymidine and dTMP solutions were concentrated to a 
volume of about 1 ml before the degradation to iodoform was 
commenced. 


(b) End window counting of iodoform-C%. The iodoform-C¥, 


after a washing by suspension in 3 ml of cold distilled water, | 
was recrystallized from a small volume of acetone by the addition | 


of water, dissolved in 0.2 ml of acetone, and applied to a poly- 
thene counting disk, the well of which was covered with a single 
layer of lens tissue. The iodoform solution was allowed to 
evaporate to dryness at 4° and moisture was finally removed in 
a small desiccator over P2O; at atmospheric pressure and 5°. 
After determination of the radioactivity under a conventional 
end window counter, the iodoform from each disk was dissolved 
in toluene in a tube protected from light, and the concentration 
determined spectrophotometrically (4). The radioactivity 
results were corrected for self-absorption by iodoform. 

(c) In the degradation of thymidine and dTMP to yield 
iodoform from the methyl group (4), hypoiodite was generated 
from a solution of iodine and sodium hydroxide instead of from 
hypochlorite and iodide. The latter was a more convenient 
procedure. 

These modifications did not significantly affect the accuracy 
of the method. A disadvantage of the ion exchange resin method 
for isolating thymidine and dTMP was that, compared with 
the paper chromatography procedure, it gave somewhat higher 


and more variable values for the “blank” synthesis of thymidine 
and dTMP. The blank is regarded as the amount apparently 
formed under conditions where no synthesis would be expected, | 
e.g. (a) with boiled enzyme, or (b) with dUMP omitted, or (0) _ 
with folate-H, omitted. 3 

Other methods and materials were the same as described — 
previously (4), with the exception of 5-fluorouracil deoxyribo © 
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nucleoside, which was a gift from F. Hoffmann-La Roche and 
Company, Basle. 


RESULTS 


Activity of Extracts of Acetone-dried Calf Thymus—¥Extracts of 
acetone-dried calf thymus were tested for ability to synthesize 
thvmidine and dTMP under conditions previously used for 
synthesis of thymidine from deoxyuridine in fresh rabbit thymus 
extracts (5). The results in Table I show that extracts of 
acetone-dried calf thymus gave a level of synthesis of thymidine 
and dTMP that compared favorably with published figures for 
extracts of fresh rat thymus (6, 8), and that protamine treatment 
increased the specific activity of the enzyme. In contrast to 
the results of Phear and Greenberg (8), it was found that re- 
moval of the nucleic acid by protamine resulted in a negligible 
loss of enzyme. 

Course of Reaction with Time—Synthesis of dTMP and of 
thymidine both continued at a uniform rate over a period of 
6 hours during which about 70 mumoles of dTMP and 10 muz- 
moles of thymidine were synthesized. Amounts of dTMP and 
thymidine as great as this, synthesized in a given period, may 
therefore be taken as indicating true reaction rates. 

Deoxyuridine and Deoxyuridylate as Substrates—When deoxy- 
uridine was compared as a substrate with dUMP which had been 
purified by chromatography on Dowex 1-formate, approximately 
the same level of synthesis was obtained with the nucleoside as 
with the nucleotide, provided ATP was present in the reaction 
mixture (Table II, Experiment 1). In absence of ATP, little 
synthesis of either thymidine or dTMP occurred from deoxy- 
uridine, but dUMP gave as much synthesis of thymidine + 
dTMP in the absence of ATP as in its presence. This indicates 
that dUMP is the actual substrate for methylation and that a 
phosphory! transferase is present in the extracts that converts 
deoxyuridine to (UMP in the presence of ATP. The presence 
of ATP also greatly increases the ratio of dTMP synthesized to 
thymidine synthesized (Table II), and this effect became greater 
as the concentration of ATP was increased. Since Mg*+ has 
the reverse effect, a Mgt*+-stimulated phosphatase probably 
caused formation of thymidine from the dTMP synthesized in 
the methylation reaction, and thymidine-ATP phosphoryl 
transferase resynthesized some dTMP when ATP was present. 

Inhilitor in Crude Deoxyuridylic Acid—In earlier work with 
rabbit thymus extracts, little synthesis was obtained with dUMP 
as substrate (5). In these preliminary experiments, the dUMP 
was prepared by deamination of dCMP as previously described 
(4) but was not purified by chromatography on Dowex 1 resin. 
It seemed likely, therefore, that failure to obtain synthesis in 
these early experiments was due to impurities in the crude 
dUMP. Comparison of the amount of thymidine and dTMP 
synthesized by the same enzyme extract from crude dUMP and 
from purified dUMP, respectively, showed that there was little 
synthesis of either thymidine or dTMP from the unpurified 
material under conditions in which considerable synthesis oc- 
curred from purified (UMP. The apparent synthesis from un- 
purified dUMP was no greater than that which was found in 
other experiments with no added pyrimidine substrates. It was 


found that nitrite, which might remain from the deamination 
process, is not an inhibitor of thymidylate synthetase, nor are 
the main contaminants of the dUMP which absorb ultraviolet 
light. Further experiments on the nature of the inhibitor are 
in progress. 
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TaBLe I 
Synthesis of thymidine and thymidylic acid in extracts of 
acetone-dried calf thymus 

Each reaction mixture contained 0.66 ml of calf thymus extract. 
This volume contained 16.7 mg of protein in the sample not treated 
with protamine, and 11.2 mg in the treated (nucleic acid-free) 
sample. Each reaction mixture contained 0.88 mM L-serine-3-C™ 
(1.1 ue), 0.7 mg (57 units) of serine transhydroxymethylase, 10 
mM dUMP, 5 mm 2,3-dimercaptopropanol, 50 mm N-ethylmorpho- 
line buffer, pH 7.4, and 1 mm folate-H,, in a total volume of 1 ml. 
Reaction mixtures were incubated under nitrogen for 6 hours at 
37°. 


Quantity synthesized 
Extracts 
Thymidine + | Thymidine + 
Thymidine dTMP | dTMP dTMP 
mumoles mumoles 
Not protamine- 
treated......... 77 43 | 120 7.2 
Protamine- | | 
treated......... | 80 45 | 120 1] 
TaBLe II 


Comparison of deoxyuridine and deoxyuridylate as 
substrates of methylation reaction 


The calf thymus extract was dialyzed, and treated with Dowex 
1-Cl- (Experiment 1) or with protamine sulfate and Dowex 1-Cl- 
(Experiments 2 and 3). Each reaction mixture contained 9.2 mg 
of extract protein in Experiment 1, 6.8 mg in Experiment 2 and 
9.4 mg in Experiment 3. Deoxyuridine and dUMP were each 10 
mM when present, and the concentration of Mg++ was 1 mm when 
it was present. In Experiment 1, reaction mixtures contained 1 
mM folate-H,, 1 mm DPNH, 50 mm N-ethylmorpholine buffer, 
pH 7.4, and 1.2 mM L-serine-3-C"4 (1.1 we). In Experiments 2 and 
3, reaction mixtures contained 1 mM folate-H,, 2.3 mg (220 units) 
of serine transhydroxymethylase, 0.88 mm L-serine-3-C' (1.1 ue), 
5 mM 2,3-dimercaptopropanol, and 50 mm N-ethylmorpholine 
buffer, pH 7.4. Reaction mixtures had a total volume of 1 ml and 
were incubated for 6 hours at 37°. 


| Quantity synthesized 


Additions | 
Thymidine) dTMP | 
| mpmoles | mpmoles mymoles 
Experiment 1 | 
Deoxyuridine, 10 mm ATP.......... Bae 36 39 
Deoxyuridine, Mg**................ 10 0 10 
Deoxyuridine, Mg**, 10 mm ATP... 17 23 40 
dUMP, 10 mm ATP................ 6 39 45 
dUMP, Mg*t*, 10 mm ATP.......... 12 36 48 
Experiment 2 
Deoxyuridine...................... 2 4 6 
Deoxyuridine, 1 mm ATP........... 16 14 30 
Deoxyuridine, 10 mm ATP.......... 3 25 28 
Experiment 3 
MATE... 42 76 118 
dUMP, 10 mm ATP................ 13 114 127 
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TaB_e III 


Effect of reduced pyridine nucleotides and aminopterin on synthesis 
of thymidine and thymidylic acid 

Each 1 ml reaction mixture contained 5 mm dimercaptopro- 
panol, 10 mm ATP, 50 mm \V-ethylmorpholine buffer, pH 7.4, 0.88 
mM L-serine-3-C' (1.1 we), and 5.4 mg of calf thymus protein. 
Serine transhydroxymethylase, 16 units, used in Experiment 1, 
and 8 units in Experiment 2. DPNH,1msm, TPNH, amino- 
pterin, 0.05 mm, dUMP, 5 ma, and folate-H,, 0.02 mm were added 
as indicated. The incubation period was 6 hours; temperature 


was 37°. 


Quantity synthesized 


Additions 


Thymidine dTMP 
mpumoles mumoles 
Experiment 1 
Control + DPNH.............| 1.9 31 33 
Control + DPNH + amino- | 

Control + TPNH + amino- 

Control + aminopterin........ 0.5 5.8 6.3 
Control — folate-H,........... 0.6 0.8 

Experiment 2 ! 
+ FB | 32 
Control + TPNH............. 6.5 | 36 43 


Deorycytidine and Deoxycytidylate as Substrates—There was 
little synthesis of thymine derivatives by calf thymus extract 
from dCMP or from deoxycytidine in presence or absence of 
ATP. The level of apparent synthesis from deoxycytidine was 
about the same as was generally found to occur in absence of 
added pyrimidine substrates, and synthesis from dCMP was 
about 30°% that from dU MP. 

TTP Formation—In the presence of ATP, it was possible that 
a significant amount of the dTMP synthesized by the enzyme 
system might be converted to thymidine di- and triphosphates. 
To investigate this possibility four identical reaction mixtures 
were incubated for the same period. After the addition of carrier 
dTMP to each, HCl was added to two to give a final concentra- 
tion of 1 N and these were kept in a boiling water bath for 10 
minutes in order to hydrolyze any thymidine di- or triphosphate. 
The replicate tubes were kept in the boiling water bath for 2 
minutes without a change in pH. Determination of the thy- 
midine-C and dTMP-C™ in each tube showed similar amounts 
in those boiled at neutral pH to those kept for 10 minutes in n 
HCl, indicating that no significant amounts of thymidine poly- 
phosphates were formed under the conditions of the, enzyme 
reaction. 

Effect of Various Components on Enzyme System—Ontission of 
dUMP or of folate-H, from the reaction mixture caused a con- 
siderable drop in synthesis, and the major part of the apparent 
residual activity was probably due to radioactive contamination 
of the carrier thymidine and dT MP rather than to true synthesis. 
A dUMP concentration of 10 mm gave the maximal rate of 
dTMP synthesis. Omission of dimercaptopropanol caused a 
3- to 8-fold drop in dTMP synthesis. In absence of dimercap- 
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topropanol, addition of DPNH or of rabbit serine transhydroxy. 
methylase considerably stimulated dTMP synthesis, although 
these were ineffective in the usual assay system. 

The effect of DPNH in the presence of dimercaptopropanol and 
low concentrations of folate-H, was therefore tested, with the 
results shown in Table III. Because the concentration of added 
dl ,u-folate-H, in these experiments was 20 uM, the concentration 
of the active isomer was 10 uM, and in the 1 ml of reaction mixture 
the theoretical yield of dTMP + thymidine was therefore 10 
myumoles. As with bacterial extracts, the yield of dTMP 4+ 
thymidine obtained in absence of added pyridine nucleotides 
was never in excess of the amount of folate-H, added. Between 
0.48 and 0.64 mole of dTMP + thymidine was synthesized per 
mole of folate-H, added, a yield that was low probably because 
of oxidation of the added folate-H, by oxygen. 

Under these conditions, addition of 2 umoles of DPNH or 
TPNH caused up to 6-fold stimulation of thymidine and dTMP 
synthesis (Table III), so that folate-H, became catalytic. In 
confirmation that this stimulation by DPNH was due to re- 
generation of folate-H,, the stimulation was found to be com- 
pletely abolished in the presence of aminopterin (Table III). 

Effect of Varying Substrate Concentrations—The level of 
dUMP normally used produced an optimal rate of synthesis, 
and the rate was not significantly less at half this concentration 
of dUMP. The concentration of L-serine-3-C™ usually used 
was suboptimal and that of folate-H, may also have been so, 
but they were not increased because of considerations of economy 
with L-serine-3-C' and because of the risk of increased “blank” 
values with folate-Hg. 

Effect of Various Substances—Vitamin By. (1 wg per ml) did 
not effect the rate of synthesis of dTMP and thymidine. For 
this test, the calf thymus extract was first dialyzed, treated with 
protamine sulfate and Dowex 1-Cl-, and then stirred twice with 
Norit-A charcoal (1 mg per mg of protein). The first treatment 
with charcoal was for 20 minutes and the second for 12 hours. 

Inasmuch as addition of 10 mm methionine to the reaction 
mixture also failed to change the rate of dTMP and thymidine 
synthesis, methionine-methyl was not a precursor of thymine- 
methyl to any significant extent under the experimental condi- 
tions. 

Sodium fluoride (1 mm) did not inhibit the methylation re- 
action but 1 mm 5-fluorouracil deoxyribonucleoside produced 
93% inhibition when tested in the presence of 10 mm ATP. 


DISCUSSION 


Although Phear and Greenberg (8) obtained dTMP synthesis 
in extracts of fresh thymus glands, they were unable to obtain 
synthesis with extracts of acetone-dried thymus. The results 
presented here indicate that preparations of the latter type are 
capable of satisfactory levels of synthesis of dTMP and thymi- 
dine. Such synthesis occurs when dU MP is used as substrate in 
absence of added ATP, a finding consistent with the results of 
Humphreys and Greenberg (6) published while this work was 
in progress, as well as with results obtained with bacterial thy- 
midylate synthetase (1-4). Although a 5’-nucleotidase appears 


to be present in the Streptococcus faecalis extracts used to study | 


thymidylate synthetase (4), it results in far less thymidine forma- 
tion than occurred when thymus extracts were used. In calf 
thymus extracts, thymidine formation from dUMP equals and 
sometimes greatly exceeds dTMP formation. Humphreys and 
Greenberg (6) have shown that this thymidine formation is due 
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to a 5’-nucleotidase present in thymus extracts which attacks 
dTMP to produce thymidine. 

From the results presented it appears that the thymus 5’- 
nucleotidase, like the S. faecalis enzyme (4), is Mg*t-activated, 
but whereas in S. faecalis thymidine formation from dTMP is 
negligible unless Mg** is added, considerable thymidine forma- 
tion occurred in dialyzed thymus extracts to which no Mg++ 
had been added. 

Because deoxyuridine acts as substrate for thymidine and 
dTMP synthesis only in the presence of ATP, it may be inferred 
that the thymus extract, like S. faecalis extracts (4), contains a 
deoxyuridine-ATP phosphoryl transferase that forms dUMP 
from deoxyuridine in the presence of ATP. If a similar enzyme, 
or the same enzyme, is capable of converting thymidine to dTMP 
in the presence of ATP such a conversion could account for the 
fact that more TMP and less thymidine is formed when ATP 
is present in the reaction mixture. This effect of ATP could 
also be explained, however, by complexing of Mg*+ by ATP with 
a consequent decrease in the activity of the 5’-nucleotidase. 

Inasmuch as considerably less thymidine and thymidylate are 
synthesized from dCMP than from dUMP in thymus extracts, 
the latter appear to contain much more thymidylate synthetase 
than deoxycytidylate deaminase, although the latter enzyme is 
active in rapidly growing mammalian tissues (9, 10), which are 
also rich in thymidylate synthetase. 

In the absence of added DPNH, 2,3-dimercaptopropanol 
stimulates dTMP synthesis indirectly, presumably by protecting 
folate-H, from attack by oxygen. In quantitative experiments 
on dTMP synthesis dimercaptopropanol should therefore be 
incorporated in the reaction mixture. Folate-Hy may also be 
protected from oxidation by DPNH or TPNH which reduce 
folate-H. through the presence of an aminopterin-sensitive 
dihydrofolic reductase in the thymus extracts. It has been 
demonstrated that when DPNH or TPNH are added to the 
enzyme system, folate-H, at low concentrations acts catalytically 
both as carrier of the 1-carbon fragment and in the reduction of 
the hydroxymethyl group. These results are similar to those 
obtained with thymidylate synthetase of S. faecalis (4). 

Addition of serine transhydroxymethylase to the reaction 
mixture does not increase the rate of dTMP synthesis in the 
presence of dimercaptopropanol, so that in the calf thymus 
extracts sufficient serine transhydroxymethylase is present to 
prevent this reaction becoming rate limiting. In absence of 
dimercaptopropanol, however, added serine transhydroxymethyl- 
ase stimulates dTMP synthesis considerably. This is believed 
due to the fact that the rate of the serine transhydroxymethylase 
reaction proceeding in the thymus extracts in absence of added 
enzyme, while more rapid than the rate of dTMP synthesis, is 
slow compared with the rate of folate-H, destruction by oxygen 
that occurs in absence of dimercaptopropanol. Added trans- 
hydroxymethylase protects folate-Hs by quickly converting it to 
5,10-methylene folate-H,, which is considerably more stable 
than the former compound (11). 

The thymidylate synthetase activity of calf thymus extracts 
is inhibited by 5-fluorouracil deoxyribonucleoside. Inasmuch as 
the enzyme substrate is dUMP, it is likely that the 5-fluorouracil 
deoxyribonucleoside is phosphorylated by an enzyme in the 
extract to the corresponding nucleotide and that the latter is 
the actual inhibitor of the reaction. . Evidence has been presented 
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by Cohen et al. that in Escherichia coli 5-fluorouracil deoxyribo- 
nucleoside is phosphorylated in this way to the corresponding 
nucleotide (2, 12), and that the latter is a very powerful and 
specific inhibitor of the bacterial thymidylate synthetase (2). 
The inhibition by the nucleoside observed with thymus extracts 
appears greater than reported by Flaks and Cohen for bacterial 
extracts (2), probably because of the greater ability of the thymus 
extracts to phosphorylate 5-fluorouracil deoxyribonucleoside. 


SUMMARY 


Extracts of acetone-dried calf thymus glands catalyze a rate 
of synthesis of thymidylic acid and thymidine similar to that 
occurring in extracts of fresh glands. Adenosine triphosphate is 
necessary for such synthesis from deoxyuridine but not for 
synthesis from deoxyuridylic acid, which is therefore the sub- 
strate for the enzymatic methylation. Adenosine triphosphate 
does, however, increase the amount of thymidylic acid formed 
from deoxyuridylic acid at the expense of thymidine formation, 
whereas Mg** has the reverse effect. Negligible quantities of 
thymidine di- and triphosphates are formed by the enzyme 
system even in the presence of adenosine triphosphate. 

There was little synthesis of thymidylic acid from crude 
deoxyuridylic acid prepared by nitrous acid deamination of 
deoxycytidylic acid. The unpurified preparation appears to 
contain a powerful inhibitor of the methylation reaction that is 
neither nitrite nor the two major ultraviolet-absorbing con- 
taminants present. 

Dimercaptopropanol, reduced pyridine nucleotides, and 
serine transhydroxymethylase are, under certain conditions, all 
capable of increasing the rate of thymidine and thymidylic acid 
synthesis in extracts of acetone-dried calf thymus. All pre- 
sumably act by increasing the amount of tetrahydrofolate avail- 
able for thymidylate synthetase. Synthesis of C-labeled 
thymidine and thymidylate is not affected by the presence of a 
pool of unlabeled methionine, nor by the addition of fluoride or 
vitamin Biz, but is strongly inhibited by 5-fluorouracil deoxy- 
ribonucleoside. 


Acknowledgment—We are indebted to Mr. John McKeough 
for preparing serine transhydroxymethylase. 
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Copolymers of Adenylic Acid with Inosinic 
| and Cytidylic Acids 
R. F. STEINER* 
From the Naval Medical Research Institute, National Naval Medical Center, Bethesda, Maryland 


(Received for publication, September 6, 1960) 


In earlier publications the molecular properties of copolymers 
of adenylic and uridylic acids have been described (1, 2). In 
brief, evidence was obtained for the occurrence of ordered regions, 
probably of a helical character, which persisted for copolymers 
containing quite high uridylic contents. Although collectively 
accounting for a large portion of the molecule, these regions of 
order were apparently too limited in extent to confer a high degree 
of rigidity. Thus, at ionic strengths of the order of 0.1 (or 
higher) the over-all shape of the molecular domain approximated 
that of a random coil. The molecular properties of the AU! co- 
polymers thus showed many points of analogy to those of natural 
ribonucleic acid. 

It was furthermore found that the AU copolymers with uridylic 
contents up to about 50% retained the ability to interact with 
polyuridylic acid, although the stability of the resultant com- 
plexes, as measured by the midpoint of the thermal transition, 
showed a progressive decrease (1, 2). Fresco and Alberts have 
likewise observed an interaction between poly AU and polyuri- 
dylic acid (4). These authors have suggested that the uridylic 
groups of poly AU are folded into loops lying outside the helical 
duplex, thereby permitting 1:1 pairing between the adenines of 
poly AU and the uracils of polyuridylic acid. The available 
spectral evidence is consistent with this model, as the observed 
mixing curves show minima when the ratio of adenine to uracil 
(in polyuridylic acid) is 1:1 or 1:2, depending upon whether the 
doubly stranded A + U or the triply stranded A + 2U complex 
species is formed. 

It is of interest to extend these studies to other biosynthetic 
copolymers. The use of the currently available nucleotide-poly- 
merizing enzymes permits the systematic variation of composi- 
tion and hence affords one useful approach to the problem of 
RNA structure. 

The present investigation is primarily concerned with copoly- 
mers of adenylic and inosinic acids with a few observations upon 
copolymers of adenylic and cytidylic acids. 

The hypoxanthine base differs from adenine in that the C-6 
amino group of the latter is replaced by a carbonyl. It thus is 
structurally analogous to guanine, éxcept for the presence of an 
external amino group at the C-2 position of the latter base. As 
the amino group is not involved in several of the hydrogen- 
bonded base pairs which have been shown to be sterically feasible 
for guanine, it would be expected that hypoxanthine could re- 


* The opinions or assertions contained herein are those of the 
author and are not to be construed as official or reflecting the 
views of the Navy Department or the naval service at large. 

1 The abbreviations used are: poly AU, biosynthetic copoly- 
mers of adenylic and uridylic acids; poly AI, copolymers of ade- 
nylic and inosinic acids; poly AC, copolymers of adenylic and 
eytidylic acids; CMP, cytidine monophosphate. 
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place guanine in these (5). The individual homopolymers differ 
considerably in their molecular properties. Polyadenylic acid at 
neutral and alkaline pH appears to consist of randomly coiled 
single strands containing helical regions of limited extent, rather 
like RNA and poly AU (6). Polyinosinic acid, on the other hand, 
is believed to exist as a triply stranded helix at neutral pH and 
ionic strengths of the order of 1.0 (7). However, this helical 
structure does not appear to persist at ionic strengths of 0.1 or 
lower (7), at least by the criterion of ultraviolet hypochromism, 

Polyadenylic and polyinosinic acids have furthermore been 
shown to interact in solution at neutral pH to form, depending 
upon the mole ratio, a doubly stranded A + I complex or a triply 


stranded A + 2I species (8). Although stoichiometrically anal. | 


ogous to the interaction of polyadenylic + polyuridylic acids, (9) 
the stability of the A + I complex species is much lower, as is 
indicated by its considerably lower “melting point,”’ or midpoint 
of its thermal denaturation (3). 

Polycytidylic is much less well characterized than either poly- 
adenylic or polyinosinic acid. The available evidence appears to 
suggest that its configuration at neutral pH is similar to that of 
polyadenylic acid. No interaction between polyadenylic and 


polycytidylic acids in solution has been reported, although the | 


theoretical considerations of Donohue indicate that adenine- 
cytosine hydrogen-bonded base pairs are sterically feasible (5), 

It is the purpose of the present paper to examine the physical 
properties of the AI and AC copolymers with particular regard 
to their apparent helical content and its dependence upon com- 
position. A secondary purpose is to determine the degree of 
substitution of the polyadenylic acid chain which permits reaction 
with polyuridylic acid. 

It should be recognized that the available criteria for the de- 
tection of helical regions in polynucleotides in solution, princi- 
pally ultraviolet hypochromism and optical rotation (3, 6), are by 
no means wholly satisfactory. The basis for their use in this 
case is really semi-empirical, and definite reservations should be 
retained with regard to conclusions derived solely from these 
methods. This is especially true in the case of ultraviolet hypo- 
chromism, for which an adequate theory is still unavailable. 
Also, relatively little theoretical effort has been devoted to the 
optical rotation of helical polynucleotides, as compared with the 
polypeptides. 


EXPERIMENTAL PROCEDURE 


Preparation of Copolymers—Copolymers of adenylic and ino | 
sinic acids (poly AI) and of adenylic and cytidylic acids (poly AQ) ; 


were prepared via the action of the polynucleotide phosphorylase 
of Micrococcus lysodeikticus upon mixtures of the corresponding 
nucleoside diphosphates. The enzyme preparations were ob- 
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tained through the courtesy of Dr. R. F. Beers and were prepared 
by the method described in detail elsewhere (10). They were 
supplied in solution and were stored in the frozen state at —5° 
until use. 

A typical reaction mixture was as follows: 100 mg of nucleoside 
diphosphate; 15 ml of HO; 0.5 ml of 0.5 m Tris buffer, pH 9.5; 
0.5 ml of 0.01 m mg**; 0.1 to 1.0 ml of enzyme solution. The 
amount of enzyme added was adjusted sco as to permit completion 
of the reaction within 3 hours at 37°. The appropriate amount 
was determined by a trial run on a reduced scale. The mixtures 
were incubated at 37°, and the reaction was followed by the rate 
of liberation of inorganic phosphate, which was determined by 
the Fiske-Subba Row procedure (11). 

When the concentration of inorganic phosphate attained a 
plateau, the reaction was stopped by chilling the mixture to 0°. 
The pH was then adjusted to about 7 by the dropwise addition 
of 1 m acetate pH 4.5, and the solution was made 0.5 m in KCl. 
Deproteinization was carried out at 3° by repeated emulsification 
with CHCl; until no denatured protein collected at the H.O- 
CHCl; interface after centrifugal separation of the two phases 
(12). Finally the polymer was precipitated by the addition of 2 
volumes of ethanol. The precipitate was collected centrifugally, 
washed successively with 80% ethanol, absolute ethanol, and 
absolute ether, and then dried in a vacuum. 

Composition of Copolymers—The nucleotide composition of the 
AI and AC copolymers was determined by paper chromato- 
graphic analysis of 2% solutions of complete alkaline hydroly- 
sates (1 Mm NaOH for 24 hours at 25°). Whatman No. 1 paper 
and a descending system were employed. Two kinds of solvent 
were used, of the following composition. Solvent A: 600 g of 
(NH,)2SO4, 20 ml of n-propanol, 1 liter of HO. Solvent B: 79% 
saturated (NH,4)2SOs, 19% 0.1 m phosphate (pH 6.0), and 2% 
isopropanol (volume per volume). 

The spots were located by their quenching of the ultraviolet- 
excited fluorescence of the filter paper. They were then cut out 
and eluted with 0.01 HCl. The absorbancies of the eluates at 
260 mu were measured. When corrected for the differing molar 
absorbancies of the nucleotides, the ratio of absorbancies yielded 
the mole ratio (Table I). 

Physical Measurements—Light scattering measurements were 
made with a Phoenix light scattering photometer. Measure- 
ments over a range of angles were made with a cylindrical cell, 
with planar entrance and exit windows, furnished by the same 
company. The general technique of light scattering and the de- 
tails of performing and interpreting measurements have been 
amply described elsewhere (13). Before measurement, each 


solution was clarified by repeated centrifugation at 20,000 x g- 
in a Serval centrifuge until constant scattering properties were 


attained. 

Viscosities were measured with Ostwald viscometers having 
efflux times of the order of 220 seconds. Sedimentation coeffi- 
cients were measured with a Spinco analytical ultracentrifuge, 
with schlieren optics. 

Measurements of ultraviolet absorbancy were made with a 


_ Beckman DU spectrophotometer, equipped with a thermostatted 


cell holder through which water from a constant temperature 
bath could be circulated. In this manner, temperature could be 
controlled within +0.3° from 7° to 70°. 

Optical rotation was measured with a polarimeter attachment 
of the Keston type which was furnished by the Standard Polar- 
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TaBLe 
Composition of copolymers 


Preparation Mole a (or cytidylic) 
AI II 0.59 
Al III 0.17 
AT IV 0.31 
AI VI 0.46 
AI VII 0.70 
AI VIII | 0.46 
AI IX | 0.54 
AI X | 0.23 
AI XI | 0.27 
AI | 0.59 
AI XIV 0.22 
AI XV 0.48 
AC II 0.39 
AC III 0.40 
AC IV 0.22 


imeter Company. It was used in conjunction with a Beckman 
spectrophotometer. 

Concentration was determined from the absorbancy at 260 
my of a suitably diluted alkaline hydrolysate (1 m NaOH, 24 
hours at 25°). 

Titration Curves—Hydrogen ion titration data were obtained 
with a thermostatted, magnetically stirred titration cell, equipped 
with a nitrogen bubbler. Standard acid (0.1 m HCl) or base 
(0.1 m NaOH) was introduced with a calibrated microsyringe. 

Solvent, 7 ml, was introduced into the cell, titrated to pH 3.8, 
and flushed with nitrogen for 15 minutes. The solvent was then 
back-titrated to pH 7, 3 to 5 mg of solid polymer were added, and 
the titration cycle was repeated. The corresponding blank value 
was subtracted for each pH. 


RESULTS 


General Remarks—A fair degree of success was obtained in 
preparing AI copolymers of reasonably high degrees of polymeri- 
zation. The sedimentation coefficients of the preparations ex- 
amined varied from 5 to 12 S, corresponding to molecular weights 
in the range 10° to 10° (Table III). In what follows, physical 
data upon these preparations will be combined and discussed in a 
unified manner, despite the differences in molecular weight. The 
justification for this procedure is admittedly incomplete. How- 
ever, measurements with polyadenylic acid preparations ranging 
in molecular weight from 1.1 X 105 to 2.0 « 10® have indicated 
little if any variation in specific rotation, hypochromism, or 
thermal profile with molecular weight in this molecular weight 
range, the extreme deviation in the first two of these parameters 
being only 3% and 4%, respectively.” 

However, the AC copolymers prepared were of relatively low 
molecular weight, with sedimentation coefficients of 3.4 S or less. 
The reason for the smaller size of these preparations remains 
obscure. It is possible that this arises from their greater suscep- 
tibility to the action of a nuclease contaminant in the enzyme 
preparation. Clearly molecular weight cannot be ignored as a 
variable in this case. However, as will be seen later, their lower 
order of molecular weight does not entirely vitiate the comparison 
with poly AI. 


2 Steiner, R. F., unpublished observations. 
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II 
Comparison of exhaustive alkaline and ribonuclease 
digests of poly AC IV 
The digests were chromatographed with Solvent B. 


Alkaline digest* RNase digestt 


Ratio of absorbancyt of eluted | 
CMP spot to absorbancy of | | 
0.118 + 0.005 | 0.041 + 0.01 

Ratio corrected for different | 
absorbancies of AMP and | 
CMP and for hypochromism | 
of AC oligonucleotides... ... 0.28 + 0.01 | 0.067 + 0.015 

Fraction of CMP occurring as 


1.0 


Fraction predicted for a ran- 


dom sequence of nucleotides .. 0.22 + 0.01 


* Composed of 0.1 mM NaOH; 1 hour, 100°. 

t Composed of 1 mg. per ml of RNase, 0.1 mM KCI, 0.01 m Tris 
pH 8.1; 48 hours at 37°. 

t Average of four determinations. 


Heppel et al. early obtained evidence that the AU copolymers 
produced by the action of the phosphorylase from Azotobacter 
vinelandii did not deviate markedly from randomness of nucleo- 
tide sequence (15). A similar conclusion, based on considerably 
less complete data, was reached in the case of poly AU prepared 
with the enzyme from lysodetkticus (2). 

However, Simha and Zimmerman have recently shown by a 
more sophisticated analysis that the nucleotide sequence of poly 
AU is not truly random, sequences of the alternating A and U 
type being definitely favored (16). It is doubtful whether the 
analytical procedures described in reference (2) and subsequently 
in the present paper are precise enough to detect this minor de- 
gree of deviation from true randomness. In all probability, the 
most which can be claimed is that gross deviations from random- 
ness are absent and that, in particular, extended sequences of 
like nucleotides do not occur. This is, however, sufficient for the 
purposes of the present paper. 

Evidence that the above holds in the case of the AC copolymers 
prepared by the /. lysodeikticus enzyme was sought via a paper 
chromatographic analysis of the products of exhaustive alkaline 
and ribonuclease digestion. 

In the former case, the hydrolysis goes to completion yielding a 
mixture of the 2’- and 3’-nucleotide monophosphates. However, 
the specificity of ribonuclease is such that phosphodiester link- 
ages of the CpC* and CpA types are attacked, but not linkages of 
the ApC type. Thus, the products of its exhaustive action upon 
an AC copolymer should consist of CMP and a mixture of oligo- 
nucleotides terminating in 3’-CMP of the type ApCp, ApApCp, 
ApApApCp, etc. (14, 15). Thus every CMP unit preceded by 
an AMP unit in the copolymer will occur as a terminal group of 
an oligonucleotide in the ribonuclease digest. Only the CMP 
residues preceded by other CMP units will occur as free CMP in 
this digest. For a random distribution the fraction of CMP 
units preceded by other CMP units will be equal to the mole 
fraction of CMP in the original copolymer. 


’The nomenclature is that of Heppel et al. (14). 
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Thus if y = fraction of total nucleotide occurring as free 3’. 
CMP in exhaustive ribonuclease digest and x = mole fraction of 
CMP in the AC copolymer, then y/x = fraction of CMP units 
preceded by CMP units in the original copolymer. If the se- 
quence is random, then y/z = x. | 

Table II compares the paper chromatographic analyses of 
complete alkaline and ribonuclease digests of poly AC preparation 
IV. Relative concentrations of the material corresponding to the 
various spots were obtained from the absorbancies at 260 my of 
eluates in 0.01 m HCl, as described earlier. 

As Table II shows, the fraction of CMP units preceded by 
(linked in the 5’ position to) other CMP units is in fair accord 
with what would be expected if the nucleotide sequence were 
truly random. | 

Unfortunately, there is no known enzyme which displays any 
analogous selectivity with regard to adenylic and inosinic resj- 
dues. Hence, it is not at present possible to demonstrate the 
randomness of sequence of the AI copolymers directly. How- 
ever, since the other copolymers examined do appear to be es- 
sentially random, it is probably a good working hypothesis to 
assume randomness of sequence in this case as well. Certainly 
the physical properties of the AI copolymers are completely at 
variance with those expected if protracted sequences of adenylic 
and inosinic residues occurred. 

Molecular Properties—Table III summarizes the molecular 
kinetic and light scattering properties of the various AI and AC 
copolymers studied. At an ionic strength of 0.1, none of the 
copolymers showed any streaming birefringence, despite the 
quite high molecular weights obtained in many cases. This vir- 
tually eliminates the possibility of a rodlike configuration under 
these conditions, and hence of a highly helical conformation. 

The available light scattering data upon the AI copolymers 
likewise indicate that, at an ionic strength of 0.1, the end to end 
separation is very much too small to be consistent with a com- 
pletely extended rod-like shape. The ratio of end to end separa- 
tion to contour length is well below the figure of 0.3 which roughly 
marks the upper limit of extension of the Gaussian configuration, 

The intrinsic viscosity of an AI copolymer containing 46% 
inosinic residues is profoundly dependent on ionic strength, as 
Table III shows. The intrinsic viscosity increases with de- 
creasing ionic strength, indicating that these copolymers undergo 
the characteristic polyelectrolyte inflation at low ionic strengths. 

On the whole, the available data are consistent with, and sug- 
gest the presumption that the over-all shape of the AI copolymers 
at ionic strengths of the order of 0.1 is that of Gaussian coils. 
The coils are flexible and expand under electrostatic stress at 
low ionic strengths. Clearly they cannot contain helical regions 
persisting over a major fraction of the contour length. 

Ultraviolet Spectra—Fig. 1 summarizes the effect of progressive 
increase in the fraction of inosinic residues upon the ultraviolet 
hypochromism of the AI copolymers and upon its thermal de- 
pendence. In general, these effects present some degree of con- 
trast to those observed in the case of the AU copolymers described 
in an earlier publication (1). 

Ultraviolet hypochromism at pH 6.5 decreases continuously 
with increasing inosinic substitution. This progressive drop i 
hypochromism is paralleled by a corresponding decrease in the 
thermal dependence of the absorbancy (Fig. 1). However, nei- 


ther the hypochromism nor the thermal variation disappears, 
The former, 


even for fractional inosinic contents as high as 70%. 
in particular, remains quite significant. 
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TaBLeE III 

Molecular properties of copolymers 

Preparation Solvent pH | Mol. wt.* | {n]tint 

Al II 0.1 m KCI, 0.01 Mm NaOAc§ 6.5 9.1 | | 
AI III 0.1 m KCl, 0.01 m NaOAc 6.5 5.0 | 2.0 | <200 <0.1 
AI IV 0.1 Mm KCl, 0.01 m NaOAc 6.5 9.1 4.2 | 300 .065 
AI VI 0.1 m KCl, 0.01 m NaOAec 6.5 11.8 | 
AI VI 0.0001 « NaOAc 6.5 | 54.0 
AI VI 0.0001 m NaOAc, 0.1 mu KCl 6.5 | 2.0 
AI VII 0.1 m KCl, 0.01 m NaOAc 6.5 8.4 | 
AI VIII 0.1 m KCl, 0.01 m NaOAc 6.5 8.0 
AI IX 0.1 m KCl, 0.01 m NaOAec 6.5 6.1 
AIX 0.1 m KCI, 0.01 Mm NaOAc 6.5 5.7 
AI XI 0.1 m KCl, 0.01 m NaOAc 6.5 6.9 
AI XII 0.1 m KCl, 0.01 m NaOAc 6.5 7.7 
AI XIII 0.1 m KCl, 0.01 m NaOAc 6.5 7.0 
AI XIV 0.1 m KCI, 0.01 m NaOAc 6.5 6.0 
AI XV 0.1 m KCl, 0.01 m NaOAc 6.5 8.7 
AC II 0.1 mw KCl, 0.01 m NaOAc 6.5 2.6 ! 
AC III 0.1 m KCl, 0.01 m NaOAc 6.5 2.5 | 
AC IV 0.1 m KCl, 0.01 m NaOAc 6.5 3.4 | 


* Weight average molecular weight, as determined by light scattering. 
+t Root-mean-square end to end separation, computed upon the assumption of a randomly coiled configuration. 
t Ratio of end to end separation to contour length (computed assuming a nucleotide separation of 3.4 A). 


§ Sodium acetate. 


The data of Fig. 1 display some scatter. This may well be due 
to the fact that data from preparations differing widely in degree 
of polymerization are combined. However, the over-all trend is 
unmistakable. 

The behavior of the AC copolymers appear to be somewhat 
different, as Fig. 1 shows. There appears to be less decrease in 
either hypochromism or thermal dependence with increasing 
cytidylic content. However, the relatively low molecular 
weights of these preparations render a direct comparison with the 
AI copolymers hazardous. 

The pH dependence of absorbancy in the acid range likewise 
decreases continuously with increasing inosinic content (Figs. 2 
and 3). In particular, the discontinuity in the vicinity of pH 
6, which is characteristic of polyadenylic acid itself (17-19) is 
lost at relatively low degrees of substitution. Copolymers with 
50% inosinic groups show little or no pH dependence. 

Hydrogen Ion Titration Curves—The binding of protons by the 
AI copolymers at pH values acid to 7 is entirely a consequence of 
the presence of adenine, as the hypoxanthine base has no pK in 
this region and the secondary phosphates are too few in number 
to account for an appreciable fraction of the binding sites. The 
structural transition which polyadenylic acid itself undergoes in 
the vicinity of pH 6 is reflected by a pronounced abnormality in 
its hydrogen ion titration curve in this region. There is an ab- 
rupt and almost vertical rise at a critical pH, which depends upon 
the ionic strength and temperature, with a subsequent more 
gradual increase after about 50% of the adenines have bound 
protons (17, 18). The region of the titration discontinuity coin- 
cides with the transition to the ultraviolet spectrum characteristic 
of the acid form (or forms). 

Fig. 2 illustrates the effect of a progressive replacement of 


adenylic by inosinic residues. The midpoint of the curve, cor- 
responding to the effective pK of the adenine group, is displaced 
progressively to lower pH values. Furthermore, the sharpness 
of the titration curve is lost, and the binding becomes much more 
gradual. For AI copolymers with inosinic contents of 50% or 
more, the midpoint of the titration curve is displaced to below 
pH 5. The titration curves in 0.1 m KCl were completely re- 
versible and showed no time dependence. 

These results are in harmony with the ultraviolet spectral data 
discussed earlier and are reminiscent of the behavior of the AU 
copolymers which were the subject of an earlier publication (1). 

Thus the “dilution” of the polyadenylic acid A chain by suffi- 
cient inosinic residues appears to eliminate the cooperative fea- 
tures of its titration curve, and by implication, the structural 
transition responsible for these features. 

Optical Rotatton—Polyadenylic acid of reasonably high molec- 
ular weight (>105) has been shown to have a specific rotation 
which is positive and fairly large, lying about midway between 
the values for the unorganized polynucleotide polyuridylic acid 
and the almost wholly helical complex of polyuridylic and poly- 
adenylic acids (6). The thermal profile of the specific rotation 
parallels that of the ultraviolet absorbancy. The positive rota- 
tion of polyadenylic acid has been attributed to the presence of 
numerous short helical regions, analogous to those postulated for 
the AU copolymers and for natural RNA, and indeed provides 
the principal evidence for such regions (6). 

The magnitude of the dextrorotation of the AI copolymers de- 
clines rapidly with increasing inosinic content (Fig. 3), and be- 
comes small for copolymers with over 50% inosinic residues. 
This result is in definite contrast to the behavior of the AU co- 
polymers (1). It is of interest that the specific rotation appears 
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0.50 1,0 
MOLE FRACTION INOSINIC (OR CYTIDYLIC) UNITS 


0.50 

POLY A 0.25 
A |{(rel) 
260 
POLY Al XIT 
(0.59) 
L00 
re) 50 fe) 0.50 
T(°Cc) MOLE FRACTION INOSINIC 
(OR CYTIDYLIC) 


Fic. 1. Upper: The thermal dependence of the absorbancy at 
260 my as a function of the inosinic (or cytidylic) content for the 
AI and AC copolymers (0.1 m KCI, 0.01 m NaOAc, pH 6.5). O, 
poly AI; @, poly AC. Lower left: Thermal variation of relative 
absorbancy at 260 my (0.1 m KCI, 0.01 m NaOAc, pH 6.5) for a 
sample of poly A and of poly AI (poly AI XIII, mole fraction 
inosinic = 0.59). Lower right: Dependence of hypochromism at 
260 mz upon inosinic (or cytidylic) content (0.1 m KCl, 0.01 m 
NaOdAc, pH 6.5, 26°. The ordinate is equal to 1— (the ratio of the 
absorbancy of the polymer to that of its alkaline hydrolysate). 
©, poly AI; @, poly AC. 


to be influenced somewhat more strongly by inosinic substitution 
than does the ultraviolet absorbancy. 

The few AC copolymers examined did not show any important 
drop in [a],. There thus appears to be some divergence in be- 
havior between the AC and AI copolymers, the former resem- 
bling poly AU somewhat more closely in behavior. 

Interaction with Polyuridylic Acid—The interaction of the AI 
and AC copolymers with polyuridylic acid was followed spectrally 
by observing the drop in absorbancy at 259 my of the mixtures. 
A single sample of polyuridylic acid, with 8%. = 5.1 S was used 
for all measurements. 

All mixing curves were carried out at pH 6.5. Measurements 
were made in 0.5 m KCl to determine the stoichiometry of the in- 
teraction and in 0.1 m KCl to investigate the relative stability of 
the complexes. 

The results are summarized in Fig. 4. Two facts stand out 
clearly. The interaction persisted to remarkably high extents of 
inosinic substitution. Fractional inosinic contents of over 50% 
were required to block interaction completely under standard 
conditions (0.1 m KCl, pH 6.5, 25°). In all cases for which 
interaction was observed, the minima in the mixing curves in 0.5 
m KCl occurred sharply at ratios of uridylic to adenylic residues 
of 1.8 to 2.0. 

These results are quite similar to those obtained earlier for the 
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AU copolymers. The stoichiometry of the process is consistent 
with the mechanism proposed by Fresco and Alberts (4), provided 
that the triply stranded (A + 2U) complex species is formed at 
high U:A mole ratios. Some reservations as to the correctness 
of this model must, however, be retained, pending its confirma. 
tion by some other means, in view of the lack at present of an 
adequate theory of the hypochromatic effect. 

The thermal profiles of the 1:1 mixtures of poly AI and poly U . 
are definitely dependent upon the composition of the former (Fig. 
5). With increasing inosinic content, the midpoint of the ther. 
mal transition falls dramatically. The transition also becomes 
more gradual. This result is again in harmony with that ob- 
tained in the case of AU (1, 2, 4). The thermal data of Fig. 5 
are uncorrected for the variation of the absorbancy of the Al 
copolymers themselves with temperature. Inasmuch as any 
correction would have to be based upon the doubtful assumption 
that the splitting off of each AI strand was “all or nothing” 
(since a retention of the linkage to polyuridylic acid would cer. 
tainly interfere with the reformation of any internal hydrogen 
bonding of the AI copolymer), it was thought better to omit the 
correction. 


DISCUSSION 


The over-all molecular properties of the AI and’AC copolymers 
appear to have much in common with other members of the 
numerous class of incompletely organized polynucleotides, in- 


1.0 POLY Ai (0.59) 


875 
POLY Ai I (0.17) 


) 


75 
72.0 5.0 3.0 
pH 
LO 
(H”) 
POLY Al (0,17) 
0.50 - 
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Fig. 2. Upper: Variation of relative absorbancy at 260 mp 
with pH for polyadenylic acid and two preparations of poly Al 
(0.1 m KCl, 26°). ©, poly A; @, poly AI III (mole fraction ino- 
sinic = 0.17); O, poly AI II (mole fraction inosinie = 0.59). | 
Lower: Hydrogen ion titration curves for polyadenylic acid and 
two preparations of poly AI (poly AI III, 0.17 inosinic; poly Al 
VIII, 0.46 inosinic) in 0.1 m KCl, 26°. The ordinate is the num- 
ber of moles of hydrogen ion bound per adenylic unit. ! 
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cluding the alkaline form of polyadenylic acid, poly AU, polyurid- 
ylic acid, and RNA. Thus, the shape of the molecular domain 
at ionic strengths of the order of 0.1 or higher is best described 
as that of a Gaussian coil. Again in analogy to the examples 
cited above, the spacial extension of the molecular domain is 
jonic strength-dependent and displays the familiar inflation at 
low ionic strengths characteristic of unorganized polyelectrolytes. 
Thus these copolymers appear to retain a definite molecular 
flexibility. 

Clearly the helical content of the AI and AC copolymers must 
be of a fractional character and insufficient in extent to confer 
any appreciable rigidity upon the molecule. The most plausible 
form for this helical content is that of numerous short helical 
regions separated by amorphous regions. This picture of the 
molecule is not necessarily in conflict with an over-all highly 
coiled shape. As in the case of the AU copolymers, the question 
of whether the helical regions involve the interaction of two or 
more chains or the intramolecular folding of a single chain to 
form hairpin-like helical zones must remain open for the present. 

Quantitatively, the estimate of helical content must be based 
upon the rather crude and empirical yardsticks of optical rotation 
and ultraviolet hypochromism. Both appear to indicate that 
the progressive replacement of adenylic by inosinic residues re- 
sults in a decrease in helical content. The two criteria are not 
completely in harmony, as the optical rotation results indicate a 
somewhat more drastic change with inosinic substitution than 
do the spectral data. It is, of course, possible that interactions 
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of a nonhelical type may contribute to the ultraviolet hypo- 
chromism, although no other known examples are available. 

The implication of the above is that adenine-hypoxanthine and 
hypoxanthine-hypoxanthine pairings are relatively ineffective in 
stabilizing very short helical regions of the type discussed earlier. 
This is consistent with the relatively weak character of these 
interactions, as revealed by thermal data upon the A + I and 
I + I complexes (3). 

The AC copolymers appear to show considerably less decline 
in helical content with increasing cytidylic content. Thus, al- 
though the data are less complete, they seem to resemble the AU 
copolymers more closely than does poly AI. 

As regards interaction with polyuridylic acid, the behavior of 
the AI copolymers is very reminiscent of poly AU. The inter- 
action with polyuridylic acid appears to persist to surprisingly 
high extents of substitution in both cases. However, the re- 
sultant complex species become progressively less stable, as 


judged by the position of the midpoint of the thermal transition, — 


as the inosinic content increases. Again, in analogy to the case 
of AU, the minima in the mixing curves with polyuridylic acid 
appear to correspond to equivalence of adenine to uracil, as is 
predicted by the Fresco-Alberts model (4). 


SUMMARY 


The progressive introduction of inosinic residues into the poly- 
adenylic acid chain results in: 

1. The disappearance of the characteristic structural transition 
of polyadenylic acid at acid pH values; 


Copolymers of Adenylic Acid 


2. A fall in helical content, as measured by ultraviolet hypo- 


chromism and optical rotation; 


3. A lowering of the “melting point’”’ of the complex with poly- 


uridylic acid. 


oo 
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The role of nucleotides as precursors of ribonucleic acid in ani- 
mal tissues has been well documented (1-4). Aside from the 
formation of polymers by the enzyme polynucleotide phospho- 
rylase (5), only one preliminary report of net synthesis of polyri- 
bonucleotides in cell-free systems has been made (6). Hilmoe and 
Heppel (7) have demonstrated the phosphorolysis of added poly- 
adenylic acid by a partially purified enzyme system from guinea 
pig liver nuclei but were unable to obtain incorporation of adeno- 
sine diphosphate into RNA. The incorporation of mononucleo- 
tides into the RNA of nuclear (7-11), microsomal (3, 11), and 
supernatant (11-13) fractions of cell-free systems has been de- 
scribed. All of these systems apparently utilize nucleoside tri- 
phosphates as the direct precursors of RNA. 

Some of these systems incorporate nucleotides nonterminally 
(3,8,9, 12) whereas the others (10, 11, 13) involve terminal addi- 
tion of nucleoside triphosphates to RNA. The nonterminal in- 
corporation of adenosine monophosphate, under conditions of 
oxidative phosphorylation, into cytoplasmic RNA of pigeon liver 
has previously been reported by one of us (1). 

Herbert et al. (3) have shown that orotic acid is first converted 
to uridine monophosphate and the latter is then incorporated into 
rat liver microsomal RNA presumably after conversion to uridine 
diphosphate or UTP. It seemed pertinent to determine the 
phosphorylation level of the nucleotide which was the direct pre- 
cursor of microsomal RNA since most cytoplasmic RNA is in 
this fraction and because this RNA may serve as templates for 
the biosynthesis of proteins. In this study the conditions re- 
quired for nucleotide incorporation into pigeon liver microsomal 
RNA have been determined and a comparison made between 
UMP, UDP, and UTP as RNA precursors. The quantities of 
terminal and nonterminal incorporation have been determined, 
as well as some of the other properties of the system. 


EXPERIMENTAL PROCEDURE 


Materials—Orotic acid-6-C'4 was purchased from the Volk 
Radiochemical Company. H;P20, was obtained from Oak 
Ridge National Laboratory. Crystalline bovine plasma albu- 
min, crystalline trypsin, and recrystallized RNase were obtained 
from Armour and Company. Recrystallized lysozyme was pur- 
chased from Pentex Biochemicals, and pyruvate kinase from C. F. 


*This paper is taken, in part, from the thesis submitted by 
David B. Straus in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy, University of Chicago, Chicago, 
Illinois, 1960. Present address, Department of Chemistry, Prince- 
ton University, Princeton, New Jersey. 

t Operated by The University of Chicago for the United States 
Atomic Energy Commission. 


Boehringer and Sons. 
cially available grade. 

Protein Determination—The method of Lowry et al. (14) was 
used for protein determination. Crystalline bovine plasma albu- 
min was used as the standard. 

RNA _ Determination—RNA was determined by the orcinol 
method of Dische and Schwartz (15) modified in that samples 
were kept at 100° for 15 minutes. The standard used was RNA 
isolated from pressed bakers’ yeast by the method of Crestfield 
et al. (16). 

Aliquots of microsome suspensions were precipitated in the 
cold and washed 5 times with 0.5 m HClO, Lipids were re- 
moved by extraction with ethanol, ether, and chloroform 2:2:1 
(volume for volume), and the residue dried before addition of 
0.3 m KOH. Hydrolysis was carried out at 37° for 18 hours, 
after which the acid-insoluble portion and K+ ions were removed 
by precipitation with cold HC1O,, and the acid-soluble fraction 
analyzed for RNA as mixed 2’(3’)-nucleotides. 

Synthesis of UM P® and UM P-6-C'*—UMP® was synthesized 
by a new method, the reaction of H3;PO, with 2’ ,3’-O-isopropyl- 
idene uridine and N,N’-dicyclohexylcarbodiimide in a homoge- 
neous p-dioxane system. The specific radioactivity of the UMP 
was 5.0 X 10’ c¢.p.m. per uymole. Details of this synthesis will be 
described elsewhere. 

Orotic acid-6-C™% (1.5 me per mmole) was enzymically con- 
verted to UMP-6-C™ by use of mixed orotidine-5’-P pyrophos- 
phorylase and carboxylase in the 25 to 57% ethanol fraction of 
an autolysate of dried brewers’ yeast according to the method of 
Lieberman et al. (17). The UMP-6-C"™ was isolated by ion ex- 
change chromatography on a Dowex 1-Cl~ column. 

Synthesis of Labeled UDP and UTP—ATP was used as the 
donor for the enzymic phosphorylation of UMP® by the nucleo- 
tide kinase mixture isolated from brewers’ yeast autolysates ac- 
cording to the method of Lieberman et al. (18). The reaction 
mixture, containing both adenosine and uridine nucleotides was 
fractionated on Dowex 1-Cl~ with the use of 0.003 m HCl and 
increasing concentrations of NaCl as eluants. UDP® and UTP# 
were collected in tubes containing about 150 uwmoles of NH,OH 
(final pH 5).!. The uridine nucleotides were converted to the 
potassium salt and concentrated on small columns of Dowex 1- 
Cl- at 4° (19). These columns were eluted with 0.01 m HCl- 
0.35 M KCI; the eluant volume used gave a 2500:1 ratio of chloride 
to nucleotide. Eluates were neutralized with KOH, concen- 
trated, and analyzed spectrophotometrically. 

For the C'4-labeled UMP, another phosphorylation method was 


All other reagents were the best commer- 


1 In this study, nucleotide P*? was always in the ester position. 
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necessary. UMP-6-C' was converted to the pyridinium salt 
and this salt phosphorylated with tri-n-butylammonium phos- 
phate and .\,N’-dicyclohexylcarbodiimide according to the 
method of Smith and Khorana (20). The product mixture was 
fractionated on Dowex 1-Cl-. UTP-6-C™ was concentrated as 
described for the P**-labeled uridine nucleotides. 

All labeled nucleotides were characterized spectrophotometri- 
cally and by cochromatography with authentic standards with 
the use of 2:1 isopropanol-1°% (NH4)2SO,4 as solvent and What- 
man No. 1 paper previously soaked in 1% (NH4)eSO,4 and 
dried (21). Radioautographs of the chromatograms were made 
and in all cases radioactivity was found to be associated ex- 
clusively with the ultraviolet quenching spot of the appropriate 
standard; no other radioactive areas were found on the chro- 
matograms. 

The chemical phosphorylation of nucleoside monophosphates 
has not been successful, in our hands, with quantities of starting 
material less than about 20 umoles. The enzymic phosphoryla- 
tion, in contrast, requires the separation of ATP, used in excess, 
from the desired nucleotides; this is difficult when more than 
about 20 umoles of monophosphate starting material are used. 
Despite the more complex separation problem, the enzymic phos- 
phorylation is much faster than the chemical synthesis. Both 
methods give comparable vields of UTP (50 to 70%) and UDP 
(20 to 30%) based on UMP. 

Isolation and Washing of Pigeon Liver Microsomes—Pigeons 
were decapitated, the livers rapidly removed, weighed, placed on 
ice, and minced. Minces were mixed with 4 volumes of homoge- 
nization medium,? in a hydraulic homogenizer (22) and the sus- 
pension rapidly forced through a 42 uw annular orifice. Initial 
homogenates were rapidly rehomogenized to obtain maximal cell 
breakage. 

Nuclei, unbroken cells, erythrocytes, and connective tissue 
were sedimented by centrifugation at 600 x g® for 10 minutes. 
The cytoplasmic fraction was then centrifuged for 15 minutes at 
15,000 x g to sediment mitochondria. Microsomes, contami- 
nated with glycogen, were sedimented by centrifugation of the 
15,000 X g supernatant for 60 minutes at 90,000 x g. 

The supernatant fraction was carefully decanted and tubes 
wiped dry while still inverted. The microsomes were washed by 
suspending the residue in fresh homogenization medium followed 
by recentrifugation for 25 minutes at 90,000 x g. Other sub- 
cellular fractions were similarly washed. All operations were 
carried out at 0-4° after weighing the liver. 

Homogenates and nuclear and cytoplasmic fractions were 
stained and examined microscopically. No evidence could be 
found for disruption of nuclei, and identifiable nucleoli were ab- 
sent from the cytoplasmic fraction. 

The washed microsomal fraction was homogenized in a Potter- 
Elvehjem homogenizer with rehomogenization medium to give 
0.8 to 1.2 g equivalents per ml. In some cases the rehomogeni- 
zation medium was the same as that used for initial homogeniza- 
tion whereas in others this medium contained MgCl, buffer at 
the same concentration, and pH used for incorporation experi- 
ments. 

Removal of Bound Nucleotides from Microsomes—Evidence has 
been obtained showing that microsomes bind nucleotides (see 


2 The homogenization medium was 0.004 mM MgCle, 0.035 m KCI, 
0.25 m sucrose, 0.04 m Tris-HCl, pH 7.6. 

3 All gravitational fields refer to the average radius at which 
the field was applied. 
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‘Results’’). To remove these nucleotides, the 15,000 X g super- 

natant was made 1.6 X 10-*m in ATP and 8 X 10-‘ M in pyro- 
phosphate buffer, pH 7.7, before the initial sedimentation of 
microsomes. The microsomes were washed 3 times with ATP 
and PP; (8 X 10-4m ATP and 1.6 X 10-3 m PP; buffer, 8 x 10-5 
M ATP and8 X 10-4m PP; buffer, 8 10-°>m PP; buffer). The 
final pellets were rinsed several times with small volumes of ho- 
mogenization medium and then rehomogenized as described for 
microsomes. 

The ATP-pyrophosphate washing procedure removes most of 
the bound nucleotides as well as 20 to 40% of the total RNA, and 
10 to 20% of total protein; the RNA-protein ratio is lowered 
from 0.16 to 0.12. Removal of ribonucleoprotein particles and 
RNA from rat liver microsomes with more concentrated pyro- 
phosphate buffers has previously been reported by Sachs (23). 

Incorporation Experiments—Except where otherwise indicated, 
incubation mixtures were 0.05 m Tris-HCl buffer at various pH 
values, and 0.25 m sucrose; they contained 0.1 umole labeled uri- 
dine nucleotide and, usually, 0.1 wmole each of the corresponding 
cytidine, adenosine, and guanosine nucleotides. An ATP-gen- 
erating system consisting of 1.0 umole P-enolpyruvate and 5 yg 
pyruvate kinase was used in most cases. Details of each incu- 
bation mixture are given in the tables describing the experiments, 
Mixtures were made up complete except for microsomes, or other 
subcellular fraction, and labeled uridine nucleotide. After a 
brief preincubation at 37°, microsomes were added, followed 
within 10 seconds by labeled uridine nucleotide at zero time. 
At the end of the incubation period, samples were placed in an 
ice bath and made 0.5 mM with perchloric acid. Zero time control 
samples were made up and processed similarly except that HCIO, 
was added before the microsomes and they were kept at 0°. The 
acid-insoluble residues were washed with HC1O, and lipids were 
removed as described above. 

Extraction of RNA from Protein Nucleates by Pyrophosphate— 
The extraction of RNA from microsome protein nucleates by 
the method of Davidson and Smellie (24) gave low and varying 
recoveries of RNA and could not be used. It was found, how- 
ever, that extraction of protein nucleates with 0.1 Mm Na3HP,0;, 
pH 7.7, gave nearly quantitative separation of RNA and protein. 

Protein nucleates were suspended in 0.1 M pyrophosphate buf- 
fer, pH 7.7, and incubated 60 minutes at 37° followed by 5 min- 
utes at 100°. Samples were cooled and centrifuged to remove 
protein. The average recovery of RNA in the supernatants was 
97 % in a large number of experiments. Protein contamination 
was estimated to range from 10 to 20 ug per mg of RNA although 
some nonprotein contaminant might have contributed signif- 
cantly to the very slight absorbancy in the Lowry method (14). 

RNA and PP; were separated by precipitating the RNA with 
3.5 volumes of 8:1 (volume for volume) absolute ethanol-70% 
HCIO, at —18°, allowing 1 to 2 hours before centrifugation. 
After two washings with ethanol-perchloric acid and two with 
acetone, recoveries of RNA were about 70 to 80%. 

Separation of Bound Nucleotides from RN A—Zero time control 
acid-insoluble fractions were frequently found to be more radio- 
active than corresponding incubated samples. It seemed clear 
that all radioactivity in the zero time samples resulted from the 
binding of labeled 5’-uridine nucleotides to the precipitated 
microsomes. Many different procedures were tried in attempts 
to eliminate these bound nucleotides. 

Repeated washing of acid-insoluble protein nucleates with 


HClO, (0.25 to 1.0 m) does not remove bound radioactivity. 
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Extraction of RNA from protein nucleates with 10° NaCl (24), 
or pyrophosphate buffer, pH 7.7, solubilizes the bound nucleo- 
tides as well as the RNA. However, the nucleotides could not 
be completely separated from RNA in such extracts by: (a) 
dialysis against water, (6) dialysis against 1% water suspensions 
of Dowex 1-Cl-, (c) electrodialysis, (d) precipitation and washing 
of extracted RNA with ethanol or ethanol-HC1Ou,, (e) differential 
adsorption of nucleotides onto Norit A (11), and (f) differential 
elution of RNA from Norit A with phenol (25). All of these 
procedures lower the ratio of zero time radioactivity to incubated 
sample radioactivity but none eliminate zero time bound nucleo- 
tides or even reduce the zero time radioactivity to the level of the 
incubated samples except at the expense of large losses of RNA 
(70 to 90%). The failure of dialysis and ethanol precipitation 
procedures indicated that the 5’-nucleotides in NaCl and pyro- 
phosphate extracts of microsome protein nucleates were present 
bound to some larger molecule. In model experiments, virtually 
all labeled nucleotide could be separated from yeast RNA by 
these procedures but considerable radioactivity remained bound 
to such proteins as bovine plasma albumin. Probably the nu- 
cleotides are bound to traces of protein which are solubilized in 
the extraction procedures. A suitable, isolable, RNA derivative 
or a more effective RNA purification procedure was needed. 
Methods of achieving both aims were developed which eliminate 
zero time radioactivity. 

Phosphorus from nucleotides incorporated into RNA appears 
in 2’(3’)-nucleotides after alkaline hydrolysis of RNA; separation 
of these RNA derivatives from any 5’-nucleotides in the alkaline 
hydrolysate affords an unambiguous determination of nucleotide 
incorporation into RNA. A paper chromatographic solvent 
system, 6:3:1 absolute ethanol-2% (weight for volume) H3;BO3;- 
NH,OH (density 0.9), was developed which separates 2’(3’)- 
nucleotides from 5’-nucleotides. Pertinent Rr values are (What- 
man No. 3MM, descending) : 0.55, 0.52, 0.54, 0.45 for 2’(3’)-UMP, 
2’(3’)- AMP, 2’(3’)-CMP, and 2’(3’)-GMP; 0.34, 0.29, 0.34 and 
0.23 for the corresponding 5’-nucleotides; 0.24 for UDP; and 0.21 
for UTP. 

The total RNA, derived from protein nucleates by pyrophos- 
phate extraction and acid-alcohol precipitation, was hydrolyzed 
with 0.100 ml of 0.8 m KOH (18 hours, 37°), neutralized with 
Dowex 50W-H*+, and chromatographed with the borate solvent. 
The 2’(3’)-nucleotide area, readily visible under ultraviolet light, 
was cut out and eluted overnight in 0.01 m HCl. Aliquots of the 
eluates were analyzed for radioactivity and RNA (as mixed 2’(3’)- 
nucleotides). Alternatively, protein nucleates were hydrolyzed 
directly, the hydrolysates acidified with HC1O,, centrifuged, and 
then neutralized with KOH or tri-n-heptylamine in chloroform 
before chromatography. Perchlorate ion retards migration of 
nucleotides in the borate solvent and its removal as KCIO, or 
tri-n-heptylammonium perchlorate is necessary. 

The chromatographic separation of 2’(3’)- and 5/-nucleotides 
with the borate solvent has been carried out both on alkaline 
hydrolysates of RNA (Procedure 1-A) and protein nucleates 
(Procedure 1-B). 

The second method (Procedure 2) for eliminating zero time 
radioactivity was based on the observation of Metzenberg (26) 
that RNA formed an insoluble salt with the cationic detergent 
cetyltrimethylammonium bromide. Protein nucleates were 
extracted with pyrophosphate and the RNA-free acid precipi- 
tated with ethanol-HCIO, as described. The RNA residue was 
mixed with 2.0 ml of 0.01 m cetyltrimethylammonium chloride 


TaBLe I 
UTP binding at zero time 


Samples for cytoplasmic fractions contained: 250 umoles of 
Tris-HCl (pH 7.5), 0.1 umole each of CTP, ATP, GTP, and UTP? 
(2.5 X 10% ¢.p.m. per umole), 20 umoles of MgCl, 175 umoles of 
KCl, 1100 uzmoles of NaCl, and 1250 umoles of sucrose in a total 
volume of 5.0 ml. Mitochondria derived from 1 g of liver, micro- 
somes from 0.9 g, and dialyzed supernatant fraction from 0.4 g 
of liver were used where indicated. PP; extracts of zero time 
protein nucleates analyzed for RNA and radioactivity. 

Samples for nuclei and whole cytoplasm contained: 300 umoles 
of Tris-HCl (pH 7.5), 0.1 umole each of CTP, ATP, GTP, and 
(1.3 X 10°c.p.m. per wmole), 25 umoles of MgCl, 210 umoles 
of KCI, 1100 umoles of NaCl, and 1550 umoles of sucrose in a total 
volume of 6.2 ml. one gram equivalent of nuclei and 1.0 g equiva- 
lent of cytoplasm used where indicated. KOH hydrolysates of 
zero time protein nucleates analyzed for RNA and radioactivity. 


| Binding of UTP 
Subcellular fraction | 
Specific Total bound 

mumoles/mg RNA mumoles 
Mitochondria (Mt)........... | 1.6 0.8 
Microsomes (Mc)............. | 8.9 5.9 
Supernatant (S).............. 52.3 30.3 
Mt + Mc+S&%................ 19.9 34.6 
Cytoplasm (C)............... 19.5 55.5 
| 15.4 53.4 


and the flocculent precipitate which formed was collected by 
centrifugation. The residue was washed twice with 0.01 m de- 
tergent, twice with water, and once with acetone. At this stage 
the zero time cetyltrimethylammonium RNA was still slightly 
radioactive, but bound nucleotide was almost completely re- 
moved by dissolving the residue in ethanol followed by reprecipi- 
tation of the RNA-free acid with ethanol-HClO,. After re- 
moving HClO, with acetone the residue was dissolved in 0.05 m 
NH,OH and aliquots taken for determination of RNA and radio- 
activity. 

When freshly prepared, cetyltrimethylammonium chloride 
solutions may gel in the cold, therefore the procedure must be 
carried out at room temperature. However, this tendency to 
gel disappears on aging, and the work may be carried out at 4°. 
The recovery of RNA with the use of the complete procedure was 
70 to 80% and was not affected by the use of aged detergent 
solutions. Perchlorate ion also forms a water-insoluble, ethanol- 
soluble, cetyltrimethylammonium salt and must be completely 
removed before addition of detergent. 

Radioactivity Determinations—Aliquots of samples containing 
P22 were dried in aluminum cups, and counted using a propor- 
tional type gas flow counting tube (10% methane, 90% argon) 
with an aluminized Mylar window. 

C™ samples were counted as infinitely thin layers (<0.1 mg 
per cm?) in aluminum cups with an internal gas flow Geiger 
counter. The counting error for both C' and P® determina- 
tions was 3% or less. 
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TaBLe II 
Zero time binding of UMP, UDP, and UTP to microsomes 


In addition to the standard components, samples contained: 

A. Eight and six-tenths micromoles of MgClz, 10 wmoles of 
MnCl, 325 wmoles of KCI, and 0.9 g equivalent of microsomes. 
UMP? and UDP® (0.08 umole) and UTP* (0.1 umole) were used; 
specific activity of all uridine nucleotides was 8.5 & 10° c.p.m. per 
umole. Final volume was 2.14 ml, pH 7.6. PPj extracts of zero 
time protein nucleates analyzed for RNA and radioactivity. 

B. Nucleotides as indicated, 0.1 wmole of UTP? (1.8 * 10? 
c.p.m. per umole), 9.4 wmoles of MgClz, 10.0 uymoles of MnCl, 
the ATP-generating system, 10.0 wmoles of spermidine- HCl, 330 
umoles of KCl, and 1.0 g equivalent of microsomes in a total 
volume of 2.34 ml, pH 7.6. KOH hydrolysates of zero time pro- 
tein nucleates analyzed for RNA and radioactivity. 

C. Nucleotides as indicated, 0.1 wmole of (4.2 106 
c.p.m. per umole), 20 umoles of MgCle, the ATP-generating sys- 
tem, 336 umoles of KCI, and 0.8 g equivalent of ATP-PP; washed 
microsomes (3 washes) in a total volume of 2.47 ml, pH 7.6. PPi 
extracts of zero time protein nucleates analyzed for RNA and 
radioactivity. 


mpmoles/mg RNA 
A UMP + 3 NMP 0.9 
UDP# + 3 NDP 11.5 
UTP? + 3 NTP 17.0 
B UTP? + 3 NTP 8.5 
UTP® alone 16.5 
Cc UTP® + 3 NTP 2.1 
alone 7.8 


2 NMP, NDP, and NTP refer to nucleoside mono-, di-, and 
triphosphates, respectively. 


TaB_LeE III 
Comparison of nucleoside mono-, di-, and triphosphates as 
precursors of RNA in pigeon liver microsomes 
Incubation mixture the same as in Table II, A. The ATP 
generating system used as indicated. Incubation for 10 minutes 
at 37°. One ymole additional P-enolpyruvate added after 5 
minutes. Procedure 1-A used to process samples. 


| Uridine nucleotide incorporation 


Precursors 

Specific Total 

mymoles/mg RNA mpmoles 

0.10 0.08 

UTP? + 3 NTP + generating sys-_ 


RESULTS 


Binding of Nucleotides to Subcellular Fractions from Pigeon 
Liver—The zero time binding of UTP to the various subcellular 
fractions from pigeon liver and of all three uridine nucleotides to 
microsomes was measured and the results are presented in Tables 
I and IT. 

It is clear that all subcellular fractions bind UTP® firmly under 
these experimental conditions. Nuclei and mitochondria bind 
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much less UTP® than microsomes or supernatant and the two 
former fractions appear to lower the binding of the two latter 
when mixed with them. The mixture of microsomes and super- 
natant shows a greater total binding than the sum of the binding 
of individual] fractions suggesting that there is some interaction 
between them. 

The microsome fraction binds UTP most extensively, followed 
in order by UDP and UMP. The labeled substances bound 
were positively identified as UTP, UDP, and UMP by chroma- 
tography in the borate solvent and radioautography. Other 
experiments showed that zero time binding is constant between 
pH 7.0 and 9.0 but is much reduced at pH 6.1 and 5.5, indicating 
that the extent of binding is dependent on the valence of the 
nucleotide. 

The increased binding of UTP which occurs when other nu- 
cleoside triphosphates are omitted from the zero time samples 
suggests that a given nucleotide is not bound to a site specific 
for that nucleotide. Microsomes show a doubling in binding of 
UTP when CTP, ATP, and GTP are omitted; ATP-pyrophos- 
phate-washed microsomes show a quadrupling when these nucleo- 
tides are omitted. This fact and the nonspecific binding suggest 
that ATP and pyrophosphate displace nucleotides bound to na- 
tive microsomes. 

In addition to nucleotide binding, Sachs (27) has reported 
that rat liver microsomes bind pyrophosphate and we have found 
that the binding of orthophosphate to pigeon liver microsomes is 
quite extensive. As much as 5 uwmoles of added P;* could be 
recovered in the acid-washed, defatted, protein nucleate from 1 
g equivalent of microsomes in a system containing 50 umoles of 
P;? at pH 7.5. The binding of these polyvalent anion deriva- 
tives of phosphoric acid suggests that microsomes may bind 
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0.18 
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0.08 


Specific Incorporation (mp moles UTP” incorporated/mg RNA) 


Time (Minutes) 

Fic. 1. Time course of UTP incorporation into microsomal 
RNA. In addition to standard components, samples contained 
CTP, ATP, GTP, and UTP® (2.3 X 10° c.p.m. per umole), 2! 
umoles of MgCle, the ATP generating system, 310 umoles of KCl, 
and 1.2 g equivalents of pigeon liver microsomes in a total volume 
of 1.74 ml, pH 7.8;. Incubation for the indicated times at 37°; 
1.0 umole P-enolpyruvate added to remaining samples at the fol- 
lowing times: 5 minutes, 15 minutes, and 45 minutes. Samples 
processed by Procedure 2. 
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other polvyanions of biological importance such as amino acid 
transfer RNA (28, 29). 

Comparison of UMP, UDP, and UTP as Precursors of Mi- 
crosomal RN A—The incorporation of P-labeled UMP, UDP, 
and UTP, with mixtures of the corresponding cytidine, adeno- 
sine, and guanosine nucleotides, into microsomal RNA was 
measured. Results are presented in Table III. It is clear that 
nucleoside triphosphates are the best precursors of RNA in this 
system. UTP*® incorporation is markedly increased by the ad- 
dition of an ATP-generating system and this is taken as further 
evidence that the triphosphates are the direct precursors of RNA 
in microsomes. Stimulation by the ATP-generating system sug- 
gested that enzyme(s) are present in microsomes which degrade 
the triphosphates and we found that microsomes do convert 
ATP to ADP; the initial specific activity is about 80 umoles of 
P; produced per mg of protein per hour. 

We do not know whether the incorporation of UDP*® requires 
initial conversion to UTP® or whether it also occurs by an in- 
dependent route. 

Time Course of UTP Incorporation into Microsomal RN A— 
The incorporation of UTP*® increases linearly for 10 minutes and 
then the specific activity of the microsomal RNA decreases pre- 
cipitously to less than 15% of the maximal incorporation by 60 
minutes (Fig. 1). Since the specific activity passes through a 
maximum, the newly labeled RNA must be degraded and re- 
leased to the acid-soluble fraction more rapidly than the re- 
mainder of microsomal RNA. 

Incubation of microsomes in homogenization medium for 2 
hours at 37° results in a 12% loss of acid-insoluble RNA which 
is completely recovered as acid-soluble nucleotides and nucleo- 
sides. Pigeon liver microsomes contain a nuclease and mi- 
crosomal RNA does not appear to be a homogeneous substrate 
for this enzyme. 

The nuclease activity explains the decrease in RNA radio- 
activity after 10 minutes but, since this enzyme is present at all 
times and may be active during the first 10 minutes of incuba- 
tion, the actual incorporation reaction must proceed at a rate 
less than that of the degradative reaction after the first 10 min- 
utes have elapsed. The synthesizing system must have used 
up or destroyed some essential component. Nucleoside triphos- 
phates other than CTP, ATP, UTP, or GTP, such as pseudo- 
uridine triphosphate (30, 31) or other minor constituents of RNA, 
small quantities of which may be bound to microsomes, could be 
used up by 10 minutes, or those RNA molecules required for 
incorporation (see below) may be degraded or used up. 

Dependence of UTP Incorporation into RN A on the Presence of 
RN A—Preincubation of microsomes with pancreatic RNase 
strongly inhibits the incorporation of UTP® into RNA (Table 
IV). No attempt was made to remove RNase before UTP® ad- 
dition to the incorporation system and it is possible that the in- 
hibitory effect of the enzyme is due to rapid hydrolysis of the 
newly synthesized RNA and not to removal of RNA molecules 
required for incorporation. The data presented in Table IV 
show about the same inhibition of incorporation in Experiments 
A and B but the loss of RNA due to RNase in Experiment A was 
about 20%, whereas that in Experiment B was only about 4%. 
These data suggest, but do not definitely establish, that pan- 
creatic RNase inhibits incorporation of UTP into microsomal 
RNA by degrading biologically active RNA molecules required 
for the process of incorporation. 

It has been noted (32) that some of the effects of RNase may 


ease 
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TABLE IV 
Effect of RNase, lysozyme, P;, PP;, trypsin, and heat on 
UTP incorporation into microsomal RNA 

In addition to the standard components, samples contained: 

A. Same as in Table II, A, except that ATP-generating system 
added. RNase (100 ug) and lysozyme (100 ug) preincubated 20 
minutes with the complete system, without UTP*?, which was 
added at zero time. Microsome rehomogenate preincubated 
simultaneously at 37°. Twenty micromoles each of P; and PP; 
buffers, pH 7.6, used as indicated. Incubation 10 minutes at 37°. 
P-enolpyruvate (1.0 wmole) added at 5 minutes. Samples proc- 
essed by Procedure 1-A. 

B. Same as in Table II, B, except that ATP generating system 
added; CTP, ATP, and GTP used. RNase (100 ug) and trypsin 
(100 ug) preincubated 15 minutes with the complete system, with- 
out UTP*?, which was added at zerotime. Incubation 10 minutes 
at 37°. P-enolpyruvate (1.0umole) added at 5 minutes. Samples 
processed by Procedure 1-B. 

C. UTP-6-C" (1.6 10% c.p.m. per umole), 20 umoles of MgCl:, 
the ATP-generating system, 315 umoles of KCl, and 1.1 g equiva- 
lent of microsomes in a total volume of 1.84 ml, pH 8.0. Control 
incubated 10 minutes and experimental samples 20 minutes at 37°. 
Additions as indicated. P-enolpyruvate (1.0 umole) added to 
remaining samples at 5, 10, and 15 minutes. Samples processed 
by Procedure 2. 


Labeled 
Experi Additions 
| Specific Total 
! 
| myumoles 
A | None 0.56 0.46 
| RNase 0.06 nil 
Lysozyme 0.96 0.79 
K*PO, buffer, pH 7.6 0.31 0.28 
NazKHP-.O; buffer, pH 7.6 0.006 | <0.005 
Heated microsomes (5 minutes, 100°)' <0.005 | <0.005 
B None 0.28 0.18 
Trypsin 0.03 0.02 
RNase 0.04 0.02 
C None 0.13 0.28 
0.20 ml water at 10 minutes 0.09 0.18 
20 umoles NazKHP.O; buffer, pH 8.0 0.05 0.11 
(0.20 ml) at 10 minutes 


@ Calculation of total incorporation not justifiable because of 
the loss of RNA to the acid soluble fraction. 


be due to its relatively high isoelectric point (pI) rather than to 
its specific enzymic activity. In this system, preincubation 
with lysozyme, which has an even higher pI, sometimes stimu- 
lates incorporation. This stimulation has not been reproducible 
but lysozyme has never been found to inhibit nucleotide incor- 
poration into RNA. 

UTP® incorporation into microsomal RNA is completely in- 
hibited by pyrophosphate but only inhibited 40% by the same 
concentration of orthophosphate. Since nucleoside triphos- 
phates are the direct precursors of RNA in microsomes, a pyro- 
phosphorolysis of biologically active RNA would be expected. 
Pyrophosphate, added at the point of maximal incorporation, 
causes a reduction of incorporated UTP-6-C™ over and above the 
reduction due to the endogenous RNase. This reduction is 
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TABLE V 


UT P*2 incorporation into microsome RNA 
dependence on nucleotides 


In addition to the standard components, samples contained: 

0. Same as Table II, B. Processing by Procedure 1-B. 

3. Same as Table II, C. Processing by Procedure 1-A. 

4. Nucleotides as indicated, 0.1 umole of UTP-6-C* (1.7 10° 
c.p.m. per umole) the ATP-generating system, 22 umoles of MgCls, 
305 wmoles of KCl, and 1.0 g equivalent of ATP-PPj-washed 
microsomes in a total volume of 1.84 ml, pH 8.0. Samples incu- 
bated 10 minutes at 37°; 1.0 umole of P-enolpyruvate added at 5 


minutes. Samples processed by Procedure 2. 
Labeled UTP in- 
Washes corporation 
with Nucleotides Stimulation 
ATP-PP; 
Specific Total 
mumoles % 
0 UTP + 3 NTP 0.28 0.18 —18 
UTP alone 0.35 0.22 
3 UTP + 3 NTP 0.08 0.040 +14 
UTP® alone 0.07 0.035 
4 UTP-6-C'* + 3 NTP 0.06 0.035 +50 
UTP-6-C" alone 0.04 0.02¢ 
020 
~ 
a 
Fa 
O16 
aD 
§ 
S 
a 
002 val 
| l 


5.0 60 7.0 80 90 10.0 
pH 


Fig. 2. pH vs activity. Sample composition the same as in 
Table II, C except that microsomes were used; CTP, ATP, and 
GTP added; 100 umoles of potassium malonate buffers, pH 5.5 
and 6.1;, and 100 wmoles of Tris-HCl buffers, pH 7.00, 7.62, 8.0o, 
and 9.09 used. Incubation for 10 minutes at 37° and 1.0 umole 
P-enolpyruvate added after 5 minutes. Samples processed by 
Procedure 1-A. 


probably due to pyrophosphorolysis. Pyrophosphate might 
also inhibit incorporation by chelation of Mg+? required for in- 
corporation (see below) and also for the structural integrity of 
the microsomes, or by displacement of nucleotides and RNA from 
the microsomes. Orthophosphate might act by analogous mech- 
anisms, although its chelating and displacement activities would 
be lower than pyrophosphate. 

Dependence of UTP Incorporation into RNA on Protein— 


Preincubation of microsomes with trypsin greatly inhibits in- 
corporation of UTP*®. There is no incorporation when boiled 
microsomes are used (Table IV). These facts show that the 
incorporation is most likely an enzymic process. Purification of 
the enzyme responsible for RNA formation in microsomes is 
now being attempted. 

Dependence of UTP Incorporation into RNA on Nucleotides— 
Early attempts to show that UTP® incorporation into RNA was 
dependent on the presence of all four nucleoside triphosphates 
were unsuccessful (e.g. Table V, 0). The finding of zero time 
nucleotide binding suggested that the microsomes might contain 
sufficient bound nucleoside triphosphates to synthesize RNA 
without requiring the addition of other nucleotides. The ATP- 
pyrophosphate washing procedure was designed to eliminate 
such bound nucleotides and experiments with these microsomes 
show that the incorporation of UTP is nucleotide dependent, al- 
though the stimulation of incorporation by added CTP, ATP, 
and GTP is not great. ATP-pyrophosphate-washed microsomes 
have a lower incorporation of UTP than microsomes isolated 
from the same homogenate but not so washed; this may be due 
to removal of required RNA (see above). 

The demonstration of nucleotide dependence with ATP-pyro- 
phosphate-washed microsomes, in contrast to the inability to 
demonstrate this with microsomes not washed-in this way, con- 
firms the previous conclusion, based on zero time binding, that 
native microsomes do bind nucleotides and that ATP and pyro- 
phosphate can displace bound nucleotides. 

pH Optimum—The incorporation of UTP® into microsomal 
RNA as a function of pH is presented in Fig. 2. The optimal pH 
is about 8.0. One-half of the maximal activity is found at pH 
7.5 and about 9.2. 

Divalent Cation Requirement—Chung et al. (12) have reported 
that Mn+? stimulates ATP-8-C™ incorporation into embryonic 
chicken liver supernatant RNA in the presence of an optimal 
quantity of Mg+?. Both manganous and magnesium ions have 
been tested with the pigeon liver microsome system (Table VI), 
The stimulatory effect of these ions appears to be equal under 
the conditions used. The incorporation of UTP-6-C" is inhibited 
85% when EDTA,‘ in amounts equivalent to the amount of 
MgCl, used, is added to the system; this amount of EDTA would 
not remove magnesium originally present in the microsomes. 
The EDTA inhibition suggests that there is an absolute require- 
ment for a divalent cation, either Mgt? or Mn**. No other 
divalent cations have been tested in this system. 

Effect of Spermidine-HCl on UTP Incorporation into RNA— 
Chung et al. (12) also report that spermidine stimulates ATP- 
8-C™ incorporation into embryonic chicken liver supernatant 
RNA. The addition of spermidine-HCl to the pigeon liver 
microsome system at a concentration of 0.004 m resulted in a 44% 
inhibition of UTP* incorporation. 

Distribution of Isotope in Alkaline Hydrolysates of RN A Labeled 
by UTP® and UTP-6-C"4 Incorporation—N ucleoside triphosphate 
ester phosphorus incorporated into RNA is recovered from a0 
alkaline hydrolysate esterified in the 2’ or 3’ position of the 
nucleoside moiety which was adjacent to the incorporated nv- 
cleotide. A distribution of P® among all the 2’(3’)-nucleotides 
derived from RNA labeled by incorporation of a single ester 
labeled nucleotide suggests nonterminal incorporation (1, 8), and 
labeling of only one 2’(3’)-nucleotide suggests terminal incot- 
poration (2). Neither of these findings can be considered de- 


4 The abbreviation used is: EDTA, ethylenediaminetetraaceti¢ 
acid. 
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finitive. Terminal addition to a heterogeneous population of 
RNA molecules containing all four bases in terminal nucleoside 
moieties would result in labeling of all four 2’(3’)-nucleotides. 
Nonterminal incorporation of a nucleotide in a position adjacent 
to a particular nucleoside moiety would appear as terminal addi- 
tion by the randomization criterion. 

Pigeon liver microsome RNA was labeled by incorporation of 
UTP”, the RNA isolated by Procedure 2, hydrolyzed with KOH, 
and then fractionated by chromatography on Dowex 1-Cl- by a 
modification of the method of Cohn (19). P*®? was found in all 
2'(3’)-nucleotides (Table VII). This finding is consistent with 
some nonterminal incorporation but the high proportion of the 
total incorporated radioactivity in 2’(3’)-UMP is not consistent 
with random incorporation as found with polynucleotide phos- 
phorylase (33). | 

The use of purine- or pyrimidine-base-labeled nucleotides, such 
as UTP-6-C™, allows unequivocal determination of terminal and 
nonterminal incorporation (13). Uridine isolated from alkaline 
hydrolysates of RNA would be labeled if UTP-6-C™ were added 
terminally whereas C™ would appear as 2’(3’)-UMP if the nu- 
cleotide was incorporated nonterminally. Microsome RNA, 
labeled by incorporation of UTP-6-C", was isolated, hydrolyzed, 
and fractionated as for RNA-P®. Most of the C' was recovered 
in 2’(3’)-UMP showing that the incorporation is largely non- 
terminal and not random. 

The unidentified fraction indicated in Table VII was eluted 
by 0.002 m HCI just before 2’(3’)-CMP and after the column had 
been washed with 100 resin bed volumes of water, the last 80 
volumes of which showed no absorption at 260 mu. The ion 
exchange properties of this fraction suggest that it contains nu- 
cleotides since this volume of water usually elutes all nucleosides. 
Paper chromatography of this fraction with carrier uridine in the 
isopropanol-HC] solvent of Wyatt (34) showed that the radio ac- 
tivity migrated with the uridine. Insufficient material remained, 
however, to confirm this possible identity of the unidentified frac- 
tion radioactivity with uridine with the use of other chromato- 
graphic systems. Nucleoside-2’,3’-cyclic phosphates would be 
eluted by the 0.002 m HCI from Dowex 1-Cl- but a similar frac- 
tion found on chromatography of the RNA-P® alkaline hydroly- 
sate was not radioactive although radioactivity would be expected 
if this fraction contained nucleoside-2’ ,3’-cyclic phosphates. 

A similar, unidentified fraction was found by Hecht et al. (13) 
in the ion exchange chromatogram of the alkaline hydrolysate of 
supernatant RNA labeled terminally by incorporation of ATP- 
8-C4. They suggested that this fraction was the dinucleotide 
adenylyl-(5’ ,3’)-cytidine phosphate which was more resistant to 
alkaline hydrolysis than other phosphodiesters. The unidenti- 
fied fraction found in the present work must be derived from 
UTP with microsomal RNA asa required intermediate. Work is 
in progress to determine the nature of this fraction. 


DISCUSSION 


All cell-free systems isolated from the tissues of higher animals 
which synthesize’ RNA (8-13) utilize nucleoside triphosphates 


* Net synthesis of RNA by cell-free systems from animal cells 
has not been reported in any detail. For the purposes of this dis- 
cussion, it is assumed that incorporation of nucleotides into poly- 
ribonucleotides represents synthesis since the rapid formation and 
breaking of phosphodiester bonds required of an exchange reaction 
appears unlikely. Synthesis, in this sense, can be de novo or may 
represent increase in molecglar size with no increase in the number 
of molecules as by repeated terminal addition of nucleotides to a 
preexisting polynucleotide. 
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TaBLe VI 


Effect of divalent cations on labeled-UTP incorporation 
into microsome RNA 


In addition to the standard components, samples contained: 

A. Same as Table II, B, except divalent cations as indicated. 
Processing by Procedure 1-B. 

B. Same as Table II, A, except divalent cations as indicated 
and addition of ATP generating system. Processing by Proce- 
dure 1-A. 

C. Same as Table II, C, except divalent cations as indicated, 
CTP, ATP, GTP used, and microsomes instead of ATP-PPi- 
washed microsomes. Processing by Procedure 1-A. 

D. Same as Table IV, C, except EDTA as indicated. Samples 
processed by Procedure 2. 


Specific incor- 
Experiment Mn*? EDTA, pH 8.0 
umoles pumoles pmoles myumoles/mg RNA 
A 9.4 | 0.20 
9.4 | 10.0 0.28 
B 8.6 | 10.0 0.46 
18.6 0.46 
C 20.0 0.18 
20.0 0.15 
D 20.0 0.13 
20.0 20.0 0.02 
TaBLeE VII 
Isotope distribution in alkaline hydrolysates of labeled RNA 
RNA-P#22 RNA-C1H 
Substance° 
Total | % of | Pairing | Total | % of 
c.p.m. total quency? | ¢-P-™. total 
Unidentified fraction...... 0 112 26 
Recovery......... 384 99 396 93 
RNA-P®* (389 c.p.m.), 1.22 mg, used. 
’ RNA-C! (426 c.p.m.), 2.90 mg, used. 
¢ Listed in order of elution from a Dowex 1-Cl- column. 
4The frequency of nucleoside pairs, ...XpU..., in the 


labeled fraction of microsomal RNA relative to...ApU... in 
this fraction. X is cytidine (C), adenosine (A), uridine (U), or 
guanosine (G). 

¢ This fraction chromatographed with carrier 5’-UMP with the 
use of the borate solvent. All radioactivity was found in the 
2'(3’)-UMP spot. 


as direct precursors. The differences which exist between them, 
apart from species and cytological source of the enzymes, are 
chiefly with reference to nucleotide dependence, RNA depend- 
ence, and terminal or nonterminal addition. The synthesis of 
amino acid transfer RNA (13) is not dependent on the presence 
of four nucleoside triphosphates, utilizing only CTP and ATP, 
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but is dependent on RNA which undergoes terminal addition; 
the calf thymus nuclei system of Hurwitz et al. (10) and the rat 
liver microsome system of Herbert (11) (which requires the pres- 
ence of either nuclei or supernatant) are similar. RNA-syn- 
thesizing systems from embryonic chicken liver supernatant (12), 
and the pigeon liver microsome system are nucleotide dependent, 
RNA dependent, and they show nonterminal incorporation; the 
rat liver microsome system described by Herbert et al. (3) may 
be similar. The rat liver nuclei system of Weiss (8) is nucleotide 
dependent, shows nonterminal incorporation, and is apparently 
DNA dependent. The calf thymus nuclei system of Edmonds 
and Abrams (9) is not nucleotide or RNA dependent and shows 
nonterminal incorporation. 

The pigeon liver microsome system is clearly different from the 
embryonic chicken liver system of Chung e¢ al. (12) in that the 
effect of divalent cations, pH optima, and the effects of spermi- 
dine are different. Except for the DNA dependence, there are 
no apparent qualitative differences, with regard to the criteria 
listed, between the microsome system and the rat liver nuclei 
system of Weiss (8). 

There appear to be several RN A-synthesizing systems in cells 
of higher animals and even within certain subcellular particulate 
fractions. 

The firm binding of nucleotides (11, 35), pyrophosphate (27), 
and orthophosphate to rat and pigeon liver microsomes may 
have physiological significance in that such binding would pro- 
vide a means of concentrating biologically active polyanions at 
enzymic sites where they are utilized. In view of the binding of 
nucleotides to all subcellular fractions, caution must be used in 
the interpretation of experiments measuring the incorporation 
of precursors into RNA based on simple determination of radio- 
activity in the acid-insoluble protein nucleate fraction; such 
binding must also be considered in work involving other phos- 
phate esters and anhydrides. 

Zalokar (36) has concluded that all RNA in Neurospora crassa 
in synthesized in the nucleus on the basis of autoradiographs of 
centrifuged hyphae incubated with tritiated uridine. Goldstein 
and Micou (37) have come to the same conclusion from similar 
experiments with cultured human amnion cells using tritiated 
cytidine. The results of the experiments reported here, on 
pigeon liver cytoplasmic fractions, show that RNA synthesis does 
occur in the microsome fraction. The work of others (1-4, 6, 
11-13) may be interpreted to show that RNA synthesis takes 
place in the cytoplasm. The conclusion that RNA synthesis 
occurs only in the nucleus cannot be universally valid. 


SUMMARY 


Uridine triphosphate was found to be a better precursor of 
pigeon liver microsomal ribonucleic acid than either uridine di- 
or monophosphate. The incorporation of uridine triphosphate: 
(a) requires a divalent cation (magnesium or manganous); (0) is 
stimulated by an adenosine-triphosphate-generating system and 
by addition of cytidine, adenosine, and guanosine triphosphates; 
(c) is inhibited by preincubation of microsomes with ribonuclease 
or trypsin, by heating the microsomes, or by addition of pyro- 
phosphate to the incubation system; and (d) increases linearly 
for 10 minutes after which the ribonucleic acid specific radio- 
activity falls rapidly. 

All four 2’(3’)-nucleotides in an alkaline hydrolysate of mi- 
crosomal ribonucleic acid labeled by incorporation of ester phos- 
phorus” uridine triphosphate are radioactive; over 50% of the 
isotope in such hydrolysates occurs as 2’(3’)-uridine monophos- 
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phate. About 60% of C™“ in microsomal ribonucleic acid labeled 
by incorporation of uridine triphosphate-6-C™ is found in 2’(3’)- 
uridine monophosphate after alkaline hydrolysis. Nucleotides 
were found to be firmly bound to microsomes and other subcel- 
lular fractions from pigeon liver; methods are described for the 
removal of these bound nucleotides. 
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Both deoxyribonucleic and ribonucleic acids appear to possess 
a secondary structure, by virtue of the fact that the purine and 
pyrimidine bases can undergo hydrogen bonding with each other. 
In the case of DNA, this secondary structure takes the form of a 
long, highly ordered helix composed of two strands held to each 
other by hydrogen bonds between the basés (1-3). The second- 
ary structure of RNA is less regular, and Doty et al. (4) have sug- 
gested that it consists of small loops. These would be short 
stretches of two-stranded regions held together by fortuitous 
matching of complementary base pairs on the two strands, and 
separated by other short stretches that are unbonded. 

It is difficult to evaluate the relative bond stabilities of the 
different base pairs in DNA (adenine-thymine, guanine-cytosine) 
or RNA (adenine-uracil, guanine-cytosine) because they occur 
simultaneously within the same molecule, although an estimation 
of the contribution of guanine-cytosine pairing has been made 
(5). However, with synthetic homopolymers of nucleotides, it 
is possible to study directly the strengths of specific base pairs. 
In addition, it is now possible to assess the relative stabilities of 
small lengths of hydrogen-bonded helices, since the formation of 
helical complexes between long-chain polyribonucleotides and 
oligonucleotides has been described (6). The relative strengths 
of the component bonds in such complexes can be determined by 
measuring the thermal stability of the complexes, e.g. the tem- 
perature at which they are half-dissociated (7,) (4). In addi- 
tion, the effects of alterations in the structure of the oligonucleo- 
tide component on the bond strength of the resulting complex 
can be measured. This paper is concerned with the changes in 
bond stability resulting from variations in the end groups, the 
number and type of bases, and the sugar in the oligonucleotide 
moiety of the complex. 


EXPERIMENTAL PROCEDURE 


Polymers—Polyadenylic acid and polyuridylic acid were pre- 
pared with polynucleotide phosphorylase from Escherichia coli 
(7) or Azotobacter agilis (8). After purification by repeated 
salt or alcohol precipitation, the polymers were dialyzed for 
36-hour periods, first against flowing 0.002 m sodium EDTA? 


1 Similar data have been obtained by J. R. Fresco (personal 
communication). Interaction between polyadenylic acid and 
thymidine oligo-deoxyribonucleotides has also been noted (A. 
Rich, personal communication). 

2 The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; for the biosynthetic polymers synthesized by the action 
of polynucleotide phosphorylase: polyadenylic acid, poly A; 
polyuridylic acid, poly U; Ramp is the ratio of the Rr of a given 
compound to that of adenosine 5’-phosphate; polyinosinic acid, 
poly I; copolymer of adenylic and uridylic acid; poly AU; adenine 
containing tetranucleotide, tetra A; triple stranded complex of 


pH 7, and then against glass-distilled water. After dialysis in 
this manner, the polymers have extinction coefficients markedly 
higher than those of material dialyzed only against water or 
dilute NaCl. This has previously been observed by others 
(9-11). 

It was observed that after prolonged dialysis against EDTA 
solutions, polyadenylic acid could not be precipitated with 
ethanol. A homogeneous mixture of 2% polyadenylic acid in 
90% ethanol could be prepared, provided that the dry polymer 
was first moistened with water before addition of absolute eth- 
anol. This was probably not a true solution. Nevertheless, 
homogeneous mixtures containing polymers and a high fraction 
of organic solvent may be useful for certain chemical manipula- 
tions. 

Oligonucleotides—Polyadenylic acid was digested with a prep- 
aration of pork liver nuclease® to yield mixtures of oligonucleo- 
tides with 5’-phosphomonoester end groups. These mixtures 
were separated by paper chromatography in Solvents 1, 2, or 
4 (see below for description of solvent systems), followed by 
treatment with Norit A to remove phosphate and other inor- 
ganic ions. Characterization of these and other oligonucleotides 
was done by methods developed by Markham and Smith (12), 
Volkin and Cohn (13), and others (14-16). A detailed descrip- 
tion of the characterization of this series of compounds is given 
elsewhere (17, 18). As an example, the trinucleotide, pApApA, 
was obtained as a symmetrical peak on diethylaminoethy! col- 
umn chromatography (19) and gave a single spot on paper chro- 
matography in Solvents 1, 2, 3, and 4, and on paper electro- 
phoresis at pH 3.5. Alkaline hydrolysis (0.3 n KOH, 18 hours, 
37°) followed by separation of the products by paper chroma- 
tography (20) yielded equal amounts of adenosine 3’- (and 2’-), 
5’-diphosphate, 3’- (and 2’-)AMP, and adenosine. The ter- 
minal, or phosphomonoester, end group was removed with a 
phosphatase from F. coli (21, 22) found, in this laboratory, to 
be specific for phosphomonoester groups in polynucleotides. 
The ratio of total phosphate to terminal phosphate was 3.02: 
1.00. The product, ApApA, was converted to AMP and adeno- 
sine in a molar ratio 2.0:1.0 with snake venom phosphodiesterase 
(13, 23-25), an enzyme that converted pApApA itself entirely 
to AMP. Spleen phosphodiesterase, which is inhibited by 
5’-phosphomonoester end groups (26), did not attack pApApA. 
Finally, the compound was treated with periodate, followed by 


polyadenylic acid and polyuridylic acid, poly (A + U + U). 
Mole fraction U always refers to the fraction of the total base in 
a reaction mixture that is in the form of polyuridylic acid. The 
interacting units in complex formation, derived from adenine- 
and uracil-containing nucleotides, are referred to as A and U. 

3M. N. Lipsett, L. A. Heppel, and W. E. Razzell, unpublished 
data. 
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incubation at pH 10.5. The products were an oxidized fragment 
related to adenosine and pApAp. The latter compound had a 
value of Rayp of 0.57 in Solvent 4. The ratio of total phosphate 
to phosphate released by £. coli phosphatase was 3.0:2.0; the 
product after treatment with phosphomonoesterase was identified 
as ApA. Some of the longer members of the series were gifts 
from Dr. Audrey Stevens, and were prepared by chromatography 
of polyadenylic acid digests on columns of diethylaminoethy] 
cellulose exchanger (19, 27). 

A series of adenine-containing oligonucleotides with 3’-phos- 
phomonoester end groups was prepared by digesting polyadenylic 
acid with a heat-stable nuclease fraction from Straphylococcus 
aureus. These compounds were characterized by their behavior 
on paper chromatography and paper electrophoresis, and by the 
fact that they were hydrolyzed by spleen phosphodiesterase 
(26), but were extremely resistant to venom phosphodiesterase. 
Chain length was determined by measurement of the fraction 
of the organic phosphate converted to P; by E. coli phosphatase 
(21, 22). <A series of oligonucleotides containing no monoester 
phosphate was formed in this way, and each was characterized 
as described above. The same compounds were prepared in 
amounts equivalent to 50 wmoles of nucleotide phosphate and 
purified by paper chromatography. At the time, the bacterial 
enzyme was not available, and semen phosphomonoesterase was 
used to remove terminal phosphate groups. 

Chemically synthesized polyadenylic acid containing a random 
distribution of 2’,5’- and 3’,5’-phosphodiester linkages was a 
gift from Dr. A. M. Michelson (30). The chains are terminated 
by 2’,3’- cyclic phosphoryl end groups. This preparation was 
treated with 0.1 Nn HCl for 4 hours at 23° to hydrolyze the cyclic 
group and was chromatographed in Solvent 2. The products 
resulting from treatment with acid consisted of a mixture of 
small polynucleotides terminated by 2’- or 3’-phosphomonoester 
end groups. Material migrating in the position of a trinucleo- 
tide was eluted and exhaustively digested with spinach ribo- 
nuclease, which is specific for the 3’,5’-linkages (31). Oligo- 
nucleotides remaining in the reaction mixture were separated 
by paper chromatography in system 2. In this manner, a tri- 
nucleotide was obtained which contained only 2’,5’-phosphodi- 
ester linkages and was terminated by a 2’- or 3’-phosphomono- 
ester end group. 

The preparation and characterization of pApApApU has 
already been described in detail (32); the same lot of material 
was used for the present experiments. Similar methods were 
used to make pApApApApU. The compound, pApApApApUp, 
was synthesized by incubation of pApApApA, UDP, polynucleo- 
tide phosphorylase, and pancreatic ribonuclease as previously 
described (20). The pApApApApUp was separated from un- 
reacted UDP and 3’-UMP by chromatography in Solvent 4. 
The sample of deoxy-pApApA was the gift of Dr. H. G. Khorana.® 

The oligonucleotides were made up in water solution, adjusted 
to pH 7.2 to 7.4 with NaOH, and standardized by determination 
of inorganic and total phosphorus, with the sensitive color reac- 
tion of Chen et al. (33) and a standard dry ashing procedure. 
Experimental details are given in a recent publication (34). 
Polynucleotide concentrations are expressed as uwmoles of or- 


‘The fraction was purified by an unpublished method of M. 
Alexander and J. Hurwitz. The enzyme was discovered by Cun- 
ningham e¢ al. (28) and has also been purified by Reddi (29). 

°R. K. Ralph and H. G. Khorana, unpublished data. 
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ganic phosphorus per ml, which are equated to umoles of nucleo- 


tide base per ml. 

Mixing Curves—Standardized solutions of oligonucleotide and 
polyuridylic acid were mixed in varying proportions. The 
mole fraction of polyuridylic acid in the resulting mixtures was 
calculated by the expression: 


Mole fraction poly U 


ree moles poly U bases 4) 
~ moles poly U bases + moles oligonucleotide bases 


The mixtures were brought to the desired ionic environment 
by the appropriate addition of concentrated solutions of MgCl, 
and potassium phosphate buffer pH 7.4, and of solid NaCl. 
The solutions were then stored for periods of up to a few days 
in the dark at 4° until no further optical density changes occurred. 
Absorption measurements were made in a thermostatted Beck- 
man model DU spectrophotometer. Optical densities of the 
nucleotide mixtures were measured routinely at 10°, after adding 
the cold solutions to thermally pre-equilibrated quartz cuvettes. 
Readings were taken at 2° in cases in which the melting out 
temperatures of the complexes were below about 10-15°. 

Heating Curves—Measurements of the absorbancy of the mix- 
tures as a function of temperature were most often carried out 
in 0.001 m MgCl,-1 m NaCl-0.002 m potassium phosphate pH 
7.4. The temperature was controlled by circulating water from 
a constant temperature bath through the jacket of the cell com- 
partment and was measured with a thermometer immersed in 
water in a control cuvette. Absorbancy measurements were 
taken after a 5-minute equilibration period at a given tempera- 
ture. No further optical changes were observed with longer 
equilibration periods. Routinely, measurements were made 
starting at 2°, after which the temperature was raised by small 
increments to give a total of about 50 points for each heating 
curve. No hysteresis was observed upon recooling the solutions. 

Chromatography—The solvent systems used for descending 
chromatography were as follows. Solvent 1, isopropanol-water 
(70:30, volume per volume) with NH; in the vapor phase (12). 
Solvent 2, n-propanol-concentrated NH,OH-water (60:30:10, 
volume per volume per volume) (35). Solvent 3, isobutyric 
acid-1 m NH,OH-0.2 m EDTA (100:60:0.8, volume per volume 
per volume) (36). Solvent 4, n-propanol-concentrated NH,OH- 
water (60:10:35, volume per volume per volume). Whatman 
No. 3MM paper was used. 
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RESULTS 
Structure of Oligonucleotide-Polynucleotide Complexes 


It has been known for some time that interaction between 
polyadenylic acid and polyuridylic acid results in either two- 
stranded (poly A + U) or three-stranded (poly A + U + U) 
structures, depending on the salt conditions in the mixture (37- 
40). Much of the evidence for such complex formation has 
been obtained from mixing curves. The interaction of poly- 
nucleotide strands to form helical complexes is accompanied by 
a considerable decrease in ultraviolet absorbancy. By titrating 
one species against the other by the method of continuous varia- 
tion, it has been possible to determine the molar ratio of the re- 
acting species in the complex from the composition of the mixture 
with the maximal hypochromicity. 

Evidence that a polynucleotide (polyuridylic acid) can also 
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form multi-stranded complexes with a homologous series of 
adenine-containing oligonucleotides has recently been presented 
(6). Mixing curves, ultracentrifuge data, and optical rotation 
changes all indicate that a three-stranded helical complex is 
formed between polyuridylic acid and adenine-containing oligo- 
nucleotides in 0.001 m MgCl, in the case of the trinucleotide 
and all higher members of the series. A typical mixing curve 
for polyuridylic acid and pApApApaA is shown in Fig. 1 (Curve 
B). The maximal hypochromicity® (which occurs at the min- 
imal point in the mixing curves) is about 35%, in excellent agree- 
ment with the value found for poly (A + U + U). The oc- 
currence of the minimum at mole fraction polyuridylic acid = 
0.67 indicates that the complex contains one A for each two U 
and is evidence for a three-stranded complex. 

In the previous communication (6), it was reported that 
ultracentrifuge studies indicated that in a mixture of polyuridylic 
acid and pApApApA at 0.66 mole fraction U, in 0.001 m MgCl, 
all the tetra A is bound to polyuridylic acid. This conclusion 
is based on the observation that essentially all the polyuridylic 
acid (93%) and practically none of the tetra A (7%) moves ap- 
preciable distances from the air-liquid interface under the con- 
ditions of centrifugation used. Formation of a complex between 
the tetra A and polyuridylic acid, therefore, increases the fraction 
of ultraviolet-absorbing material which sediments. As can be 
seen in Fig. 2, the fraction of sedimenting material is essentially 
the same for a 2:1 mixture of U to A as in a pure polyuridylic 
acid solution, indicating the formation of a strong 2:1 complex. 
The data from mixtures with mole fractions of U less than 0.67 
in which there is insufficient U to bind all the tetra A in a 2:1 
complex indicate that such mixtures do not contain the two- 
stranded 1:1 complex but consist instead of a mixture of free 
tetra A and the 2:1 complex. 

In contrast to the other members of the series of adenine 
oligonucleotides which form 2:1 complexes with polyuridylic 
acid, the dinucleotide pApA reacts with polyuridylic acid in 
0.001 m MgCl, to form a 1:1 complex. The mixing curve has 
a minimum at mole fraction U of 0.50 and a maximal hypo- 
chromicity of 22% (6). The 7, of this complex is very low 
(7°), so that it was necessary to determine the mixing curve at 
2°. In this low temperature region, complex formation between 
polyuridylic acid and oligo A is complicated by complex forma- 
tion between the polyuridylic acid strands themselves (41). 
Whether the poly U-poly U interaction alters the equilibrium to 
favor a 1:1 A + U complex, or whether a 2:1 complex might 
be the stable form at still lower temperatures cannot be decided 
at this point. There is an indication in the published plot of 
Tm against 1/n (n = oligomer chain length) (6) that the 2:1 
complex of polyuridylic acid and the dinucleotide might be the 
stable form below —10°. However, it may be that the small 
size of the A units or changes in the structure of water and shifts 
in relative strengths of hydrogen bonds with water at these low 
temperatures would make the 1:1 complex preferred over the 
2:1 complex even at —10°. 


* Hypochromicity is defined as 


A, A, 
1 


where A, is the expected absorbancy from a simple mixing curve 
and A, is the observed absorbancy of various mixtures of oligo- 
nucleotide and polyuridylic acid. 
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Fig. 1. Interaction between polyuridylic acid and pApApApA. 
Experimental details and procedure for calculating mole frac- 
tions for this and the following figures are given under ‘‘Experi- 
mental Procedure.’’ A. The solutions contained 0.065 mm total 
nucleotide phosphate and0.1m NaCl. B. The solutions contained 
0.063 mm total nucleotide phosphate and 0.001 m MgCl-. All 
solutions were adjusted to pH 7.2, and were read at 10° after 24 
hours at 2-4°. 
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Fic. 2. Interaction of polyuridylic acid and pApApApaA studied 
in the ultracentrifuge. Ordinate: fraction of the initial optical 
density remaining in the supernatant after 1 hour centrifugation 
in Spinco model E ultracentrifuge at 59780 r.p.m. Optical den- 
sities were determined from densitometer measurements on 
photographic negatives taken with the UV optical system of the 
centrifuge. Solutions contained 0.08mmM nucleotide phosphate, 
0.001 m MgClo, 1 m NaCl, and 0.002 m potassium phosphate buffer 
pH 7.4. Samples were run at temperatures between 6 and 10°, 
controlled to 0.3°. Solid curve, computed fraction of density re- 
maining if only a strong, three-stranded complex were formed, 
and using the approximation that all polyuridylic acid and no 
tetra A were sedimentable. Broken curve, same as above only 
assuming that in the region mole fraction polyuridylic acid < 
0.5 a strong two-stranded complex is formed. The computed 
curves are further based on the assumption that the relative film 
optical densities of pure tetra A, polyuridylic acid, and the com- 
plexes are the same as those obtained from the mixing curves. 


Although polyuridylic acid forms three-stranded, 2:1 com- 
plexes with adenine oligonucleotides larger than the dinucleotide 
in 0.001 m MgCl, it forms two-stranded, 1:1 complexes with all 
members of the series larger than the trinucleotide in 0.1 m NaCl. 
The mixing curves show a minimum at 0.5 mole fraction poly- 
uridylic acid and a maximal hypochromicity of 25% (Fig. 1A). 
The trinucleotide, however, showed a hypochromicity of only 
14%, even after prolonged incubation (10 days) at 2°. The 
Tm for this complex lay considerably below the value of 11.5° 
for the two-stranded tetranucleotide-polyuridylic acid complex, 
and was estimated to be around 2-4°, at the lower limits of the 
measurable range. Since the mixing curve was therefore meas- 
ured at approximately the dissociation temperature, it is reason- 
able to assume that the smaller value for maximal hypochro- 
micity with the trinucleotide complex simply reflects partial 
dissociation of the complex under conditions in which the mix- 
ing curve was determined. 
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TaBLe [ 
Effect of oligonucleotide chain length and end group on T» 

Mixtures of polyuridylie acid and various adenine-containing 
oligonucleotides were prepared. The concentration of nucleo- 
tide phosphate was 0.06 mm and the mole fraction U was 0.66, 
corresponding to the point of maximal interaction. The solu- 
tions also contained 0.001 Mm MgCle, 1 Mm NaCl, and 0.002 m potas- 
sium phosphate buffer pH 7.4. T,, is defined as the temperature 
at which half of the total optical change caused by dissociation 
of the complex has occurred. Under the same conditions, d-pAp- 
ApA showed a 7’, of 23°, and an isomer of ApApAp containing 
only 2’,5’-phosphodiester bridges showed a 7,, of 13.7°. 


Chain length 
Position phosphomono- 
ester end group 


7 9 | ~200 
5’-Phosphate..... | 20.8 | 37 49.7 | 54.6 | 72 
3’-Phosphate.....| 5* 23 33.2 | 40.5 


phosphate....... 6.2 | 17.4 | 31.3 


* These compounds showed a minimal absorption at 0.5 mole 
fraction U, with 5 to 20% hypochromicity, and this Mixture was 
used for measurement of 


0.7 


0.6 


ABSORBANCY, 259 mu 


i ! 
0 04 O06 O8 10 

MOLE FRACTION U 

Fic. 3. Interaction between polyuridylic acid and adenine- 

containing oligonucleotides with 2’,5’-phosphodiester linkages. 
(@——@), mixing curve for polyuridylic acid and an isomeric 
mixture of adenine-containing tetranucleotides (30) containing 
randomly assorted 2’,5’- and 3’,5’-phosphodiester bridges and 
terminated by 2’- or 3’-phosphomonoester end groups. The 
solutions contained 0.057 mm total nucleotide phosphate and 
0.001 m MgCl... (O——O), mixing curve for polyuridylic acid 
and an adenine-containing trinucleotide with exclusively 2’,5’- 
phosphodiester bridges and similar end group structures. The 
solutions contained 0.056 mm total nucleotide phosphate and 
0.001 m MgCl.. All solutions were adjusted to pH 7.4 and read 
below 10° after 48 hours at 3°. 


Effect of Oligonucleotide End Group 


The most extensive homologous series of oligonucleotides in- 
vestigated was that previously reported (6), with 5’-phospho- 
monoester end groups (pApA, pApApA, etc.). However, smaller 
series with other end group configurations have been studied. 
All these oligonucleotides, when mixed with polyuridylic acid 
in 0.001 m MgClo, show mixing curve minima at 0.66 mole frac- 
tion U, provided that the oligonucleotide contains at least three 
adenine units. 

Determinations of 7’, (Table I) on the three-stranded poly- 
uridylic acid-oligonucleotide complexes indicate that members 
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of the series with 3’-phosphomonoester end groups (ApAp, 
ApApAp, etc.) have slightly higher 7’,, values than the “pApA” 
series, although the values tend to converge with increasing 
chain length. Oligonucleotides with no monoesterified phos- 
phate groups (of the type ApA, ApApA, etc.) give three-stranded 
complexes with polyuridylic acid, with 7, values near those of 
the other two series. 

In contrast to the longer chain members of each of the three 
series, ApAp and ApA as well as the pApA described above all 
form 1:1 complexes with polyuridylic acid in 0.001 mM MgCl.. 
The mixing curves show minima near 0.5 mole fraction U with 
maximal hypochromicities of about 25%. In all three cases the 
Tm Values were very low, and mixing curves were carried out at 
2°. Some of the factors which might explain the shift from a 
stable 2:1 complex for the higher oligomers to a 1:1 complex 
with the dinucleotide near 0° have been discussed above. No 
interaction could be observed between polyuridylic acid and 
adenosine, AMP, ADP, or ATP in 0.001 m MgCl, with hypo- 
chromicity at 259 my as the criterion. 

Effect of Type of Phosphate Bridge Linkage—Experiments 
were carried out with a preparation of adenine-containing tri- 
nucleotide possessing only 2’,5’-phosphodiester linkages and 
terminated by a 2’- or 3’-phosphate end group. 

Interaction with polyuridylic acid in 0.001 m.MgCl. gives a 
smooth mixing curve with a single break at 0.66 mole fraction 
U and a maximal hypochromicity of 35% (Fig. 3, lower curve), 
Therefore, a three-stranded type of complex appears to be possi- 
ble with this abnormal 2’,5’ linkage. However, the T7,, of this 
complex (13.7°) is much lower than that of the corresponding 
complex containing the 3’,5’-linked isomer (23°). 

A sample of tetranucleotide isolated from chemically prepared 
polyadenylic acid (30), which contained randomly mixed 2’ ,5’- 
3’,5’-phosphodiester bridges, interacted with polyuridylic acid 
in 0.001 m MgCle. The mixing curve (Fig. 3, upper curve) in- 
dicates a break at mole fraction 0.46 and a hypochromicity 
slightly greater than that observed for a two-stranded complex 
at this point (30% as against 25%). The second break in the 
curve, at 0.67 mole fraction U, indicates the possibility of some 
three-stranded material in the mixture (hypochromicity, 34%). 

A mixing curve with two breaks could be obtained in another 
way. A solution was prepared containing equal parts of ApAp- 
Ap (100% of 3’,5’ linkages) and of the isomeric trinucleotide 
described earlier, containing only 2’ ,5’-phosphodiester linkages. 
This solution gave a mixing curve with polyuridylic acid showing 
two breaks, similar to that of Fig. 3, which remained unchanged 
after 24 hours at 2°. As indicated above, either trinucleotide 
by itself would have yielded a mixing curve with but a single 
break corresponding to a three-stranded complex. The double 
break in the mixing curves may indicate that both two-stranded 
and three-stranded forms may exist under the same salt condi- 
tions when material with mixed linkages is involved. 


Complexes from Oligonucleotides Containing 
Mized Bases 


A sample of pApApApApU was standardized and a reaction 
with polyuridylic acid was inaugurated in 0.001 m MgCle. The 
mixing curve (Fig. 4, upper curve) showed a minimum at 0.44 
mole fraction polyuridylic acid and a maximal hypochromicity 
of 20%. Because of the fact that mole fraction polyuridylic 
acid is calculated as total polyuridylic acid nucleotide per total 
nucleotide (Equation 1), a mole fraction of 0.44 is what would 
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be expected for the minimum in the mixing curve if each unit 
of U from polyuridylic acid reacted with each oligonucleotide A 
and left the terminal oligonucleotide U unbonded. The mixing 
curve is therefore compatible with the formation of a two-stran- 
ded, 1:1 complex. 

Under the salt conditions used above, a three-stranded struc- 
ture would be formed with polyuridylic acid and pApApApA. 
Formation of the two-stranded rather than the three-stranded 
structure, even after 3 days at 3°, suggests that the terminal 
uridylic acid residue is blocking the addition of a second strand 
of polyuridylic acid. However, this steric factor can be over- 
come by changing the salt concentration. Thus, by using the 
salt medium of Fresco and Alberts (42), which facilitates the 
formation of three-stranded structures from polyuridylic acid 
and poly AU, and which consists of 0.15 m NaCl, 0.05 m MgCl., 
and 0.045 m sodium cacodylate pH 6.9, it was observed that 
polyuridylic acid and the mixed oligonucleotide pApApApApU 
did give a mixing curve with a minimum at 0.62 mole fraction 
U, as calculated by Equation 1, and a hypochromicity of 30% 
(Fig. 4, lower curve). The 7,, of this complex was found to 
be 20°, as compared with a T’,,, of 32.2 found for three-stranded 
poly U + pApApApA under the same salt conditions. Similar 
results have been observed with the next lower homologue, 
pApApApU, and the 7, of the three-stranded complex was 
11.4°, as compared with 17.6° for polyuridylic acid + pApApA 
under the same conditions. 

The interaction of pApApApApUp with polyuridylic acid was 
also investigated. Here we are dealing with an oligonucleotide 
containing one noncomplementary base and both a 5’- and 3’- 
phosphomonoester end group. A three-stranded complex could 
not be obtained. However, a two-stranded structure was found 
after 2 days at 4° in 1 M NaCl-0.001 m MgCl.-0.002 m potassium 
phosphate buffer pH 7.4. The 7, of this complex was 11.5°, 
as compared with a 7,, of 16.3° for two-stranded polyuridylic 
acid + pApApApApU under the same salt conditions. 

These data on pApApApA, pApApApApU, and pApApApA- 
pUp may be summarized as follows. Addition of a noncom- 
plementary uridylic acid residue to pApApApA weakens its 
interaction with polyuridylic acid. If, in addition, a terminal 
3’-phosphate group is present in the uridine moiety, then inter- 
action with polyuridylic acid is weakened even more. 


Deoxy-adenine Trinucleotide 


A solution of synthetically prepared deoxyribo-pApApA (lith- 
ium salt) with normal 3’, 5’ linkages was standardized and mixed 
with polyuridylic acid in 0.001 m MgCl. The mixing curve 
showed a minimum at 0.66 mole fraction U and a hypochromicity 
of 32%. The 7, in standard salt solution was slightly higher 
than that for the corresponding ribo-oligonucleotide (23° as 
against 17°). No definite conclusions should be drawn from 
this single 7,,, value until a longer series has been studied, but 
it appears that the effect of the sugar residue on the bond strength 
may not be great. In view of the hypothesis that cellular RNA 
may be formed on a DNA template, it is of interest that substi- 
tution of deoxy sugar residues does not block helix formation 
with polyuridylic acid. 


Effects of Salt Concentration on Tn 


The influence of salt concentration and the type of cation on 
the T,, was explored with the complex (poly U + U + pApApaA- 
pA). Fig. 5 shows that, in the presence of 0.001 m MgCl, and 
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Fig. 4. Interaction between polyuridylic acid and pApApA- 
(@——@), the solutions contained 0.065 mm total nu- 
cleotide phosphate, 0.001 m MgCl., 1 m NaCl, and 0.002 m potas- 
sium phosphate buffer pH 7.4. (O O), the solutions contained 
an average of 0.046 mm nucleotide phosphate, 0.05 m MgCls, 0.15 
M NaCl, and 0.045 m potassium cacodylate buffer pH 6.8. The 
solutions were read at various times after 24 hours at 2-4°. No 
further changes were seen up to 6 days. 


5 


0025 050 075. 10 125 
CONCENTRATION OF NaCl,M 


Fic, 5. Effect of salt concentration on 7T,, for a complex between 
polyuridylic acid and pApApApA. The solutions contained 
0.058 rhm total nucleotide phosphate with-0.68 mole fraction U, 
0.0008 m MgCl., and NaCl as indicated. All solutions were ad- 
justed to pH 7.4. 


with increasing concentrations of NaCl, the 7,, of this complex 
decreases to a minimum at about 0.1 m NaCl and then rises until 
it reaches a plateau in the neighborhood of 1 m NaCl. The 
initial drop probably reflects the mass action displacement from 
polynucleotide sites of Mg++ by Na+ ions which are less effective 
in stabilizing the complex. A similar relationship of T,,, to ionic 
environment has been reported in tobacco mosaic virus RNA 
by Boedtker (43). 

Increasing the MgCl, concentration from 0.001 m to 0.004 m 
in the absence of NaCl increases the 7’, from 25° to 31.5°, further 
demonstrating the stabilizing effect of the divalent cation. The 
addition of either potassium phosphate or glycylglycine buffers 
(0.002 m) to a solution of the complex in 0.001 m MgCl.-1 m 
NaCl produces no change in the 7,,. This result was unex- 
pected, since phosphate forms complexes with Mg**, thus re- 
ducing the effective Mg** concentration. On the other hand, 
the binding of phosphate with Mg**+ is comparatively weak (44). 


Other Bonding Combinations 

The possibility of formation of complexes between polyadeny- 
lic acid and uridine oligonucleotides and between poly I and 
adenine oligonucleotides has also been examined. Mixing curves 
carried out in the presence of salt showed little or no hypochromic 
effects, because under these conditions the polyadenylic acid 
and poly I are markedly hypochromic themselves. Mixing 
curves carried out in the absence of added salts did show marked 
hypochromic effects, indicating the formation of complexes, but 
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862 Oligonucleotide-Polymer Complexes 
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U----A U----A 
U----A 
| | 
U----A U----A 
| 
U U 
U----A 
| | | 

(a) (b) 


Fic. 6. Alternative structures for the two-stranded complex 
involving polyuridylic acid and pApApApApU. A. In this pro- 
posed structure the nonmatching uridylic acid residue of pApA- 
pApApU does not occupy a position in the helix (cf. Fresco and 
Alberts (42)). The molar ratio of polyuridylic acid to pApA- 
pApApU after maximal interaction is 4:5, and the minimal point 
of a mixing curve is expected at 4/(4 + 5) = 0.44 mole fraction U. 
This was observed (Fig. 4). B. In this structure the molar ratio 
of polyuridylic acid to pApApApApU after maximal interaction 
is 1:1 (with concentrations expressed as moles of organic phos- 
phate per ml). 


the stoichiometry of complex formation and the maximal hy- 
pochromicity obtainable were not investigated in detail. 


DISCUSSION 


The system of polyuridylic acid and adenine oligonucleotides 
has proved to be a most favorable one for the detailed study of 
factors affecting the stabilities of helical nucleotide complexes. 
The chief advantage of this system is that, unlike other poly- 
nucleotides such as polyadenylic acid and poly I, polyuridylic 
acid shows no hypochromicity above 10°. At lower .tempera- 
tures, however, there is a poly U-poly U interaction, the extent 
of which varies with salt conditions and temperature (23). The 
T, values and hypochromicities for systems having dissociation 
temperatures below 10° must therefore be evaluated in the light 
of possible competition with U-U binding. 

Polyuridylic acid reacts with members of the three series, 
pApA...pA, ApAp... A, and ApAp... Ap, larger than the tri- 
nucleotide to form three-stranded, 2:1 complexes in 0.001 m 
MgCl, and two-stranded, 1:1 complexes in 0.1 mM NaCl. The 
dinucleotides in all three series form the two-stranded, 1:1 com- 
plex even in 0.001 m MgCl,. The 7, values for all three series 
are nearly identical (Table I), indicating that neither steric fac- 
tors nor charge repulsions arising from the presence of the 
monoesterified phosphate group interfere appreciably with the for- 
mation of complexes with polyuridylic acid under these salt condi- 
tions. The stabilities of the complexes increase with oligomer 
chain length, n, for the dissociation temperature 7’, increases 
linearly with decreasing 1/n (6). Interaction of polyuridylic 
acid with deoxyribo-pApApA and with adenine oligonucleotides 
containing 2’,5’-phosphodiester linkages has also been demon- 
strated. 

The effect of a noncomplementary terminal nucleoside residue 
was investigated by observing the interaction of polyuridylic 
acid and compounds such as pApApApU and pApApApApU. 
These complexes were less stable than those formed by corre- 
sponding oligonucleotides without the terminal uridine residue. 
For further analysis of the data, it is useful to refer to an interest- 
ing report by Fresco and Alberts (42). These workers observed 
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the formation of two-stranded and three-stranded complexes 
involving polyuridylic acid and poly AU. On the basis of mix- 
ing curve data and molecular model building studies they have 
postulated a structure containing “loops” of unbondable U 
residues projecting out from the poly AU strand in the complex. 
This allows the formation of a poly (U + AU) complex which 
makes efficient use of the homopolymer bases and the adenine 
bases. The analogy between this proposed structure and what 
is believed to result from the interaction of polyuridylic acid 
with pApApApApU is evident from Fig. 6. For the two- 
stranded structure, the position we observed for the mixing 
curve minimum, at 0.44 mole fraction U, indicates that every 
base on the polyuridylic acid chain is holding an oligonucleotide 
adenine. In other words, if every fifth base in the polyuridylic 
acid were unbonded, to accommodate the corresponding U in 
the oligonucleotide chain, as in Fig. 6B, the absorbancy minimum 
would have to occur at 0.50 mole fraction. If only four of the 
bases in polyuridylic acid were involved in holding the oligonu- 
cleotide, as in Fig. 6A, the minimum would occur at 4/(4 + 5), 
or 0.44 mole fraction, which was actually observed. Hence the 
unbonded “‘tails’”’ of uridylate at the end of each oligonucleotide 
must be bent sufficiently out of position so as not to block a 
position on the polyuridylic acid chain and yet not cause appre- 
ciable strain. 

The difficulty of obtaining a three-stranded structure from 
this combination, and the low T’,, of the three-stranded complex 
as compared to polyuridylic acid and pApApApaA, indicate that 
the ‘‘tails’” must introduce an appreciable strain on the bonding 
of the second polyuridylic acid chain. Despite this apparent 
strain, when the three-stranded complex is formed under con- 
ditions of higher salt concentrations, there is still perfect match- 
ing of polyuridylic acid uracil with oligomer adenine, as indicated 
by the minimum in the mixing curve at 0.62 mole fraction poly- 
uridylic acid. If eight polyuridylic acid uracils are bonded to 
four adenines, then the minimum should occur at 8/(8 + 5) 
= 0.615 mole fraction U, as it in fact does. Were every fifth 
position on the polyuridylic acid uracils blocked from bonding 
to adenines, the minimum would occur at 10/(10 + 5) = 0.67. 
The difference between these numbers is not large, but it was 
shown to be valid by repeated experiments with good reproduci- 
bility. 


SUMMARY 


1. Complex formation between long-chain polynucleotides 
and oligonucleotides has been investigated. The system of 
polyuridylic acid and adenine oligonucleotides has proved to 
be most favorable for studying changes in bonding stability 
resulting from variations in the end groups, the number and 
type of bases, and the sugar in the oligonucleotide moiety of the 
complex, as well as the ionic composition of the medium. ° 

2. Polyuridylic acid reacts with members of the three series, 
pApA...pA, ApAp...A, and ApAp...Ap, larger than the 
trinucleotide to form three-stranded, 2:1 complexes in 0.001 
M MgCl, and two-stranded, 1:1 complexes in 0.1 M NaCl. The 
dinucleotides in all three series form the two-stranded complex 
even in 0.001 m MgCl... The dissociation temperatures, T'n, 4 
measure of the stability of the complexes, are quite similar for 
all three series and increase with increasing oligonucleotide chain 
length. Interaction of polyuridylic acid with deoxyribo-pA- 
pApA and with oligonucleotides containing 2’ , 5’-phosphodiester 
linkages has also been demonstrated. 
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3. Polyuridylic acid forms complexes with pApApApU, pA- 
pApApApU, and pApApApApUp which are less stable than 
those formed by corresponding oligonucleotides without the 
terminal uridine residue. The stoichiometry of the reaction 
indicates that these unbonded “‘tails” of uridylate at the end of 
each oligonucleotide must be bent sufficiently out of position so 
as not to block a position on the polyuridylic acid chain. 


REFERENCES 


1. Watson, J. D., AND Crick, F. H. C., Nature (London), 171, 
737 (1953). 
2. Crick, F. H. C., ano Watson, J. D., Proc. Roy. Soc. London, 
A, 233, 80 (1954). 
3. WILKINS, M. H. F., SEEeps, W. E., Stokes, A. R., anp WILSON, 
H. R., Nature (London), 172, 759 (1953). 
. Doty, P., BoepTKER, H., Fresco, J. R., HASELKorRN, R., 
AND Lit, M., Proc. Natl. Acad. Sci. U. S., 45, 482 (1959). 
. MarmuvrR, J., AND Dory, P., Nature (London), 183, 1427 (1959). 
. Lipsett, M. N., L. A., anp D. F., Bio- 
chim. et Biophys. Acta, 41, 175 (1960). 
7. LirravEeR, U. Z., anp KornBERG, A., J. Biol. Chem., 226, 
1077 (1957). 
8. GRUNBERG-MANaGo, M., Ortiz, P. J.. AND Ocuoa, S., Bio- 
chim. et Biophys. Acta, 20, 269 (1956). 
9. HASCHEMEYER, R., SINGER, B., AND FRAENKEL-CONRAT, H., 
Proc. Natl. Acad. Sci. U. S., 45, 313 (1959). 
10. FELSENFELD, G., AND Huana, S., Biochim. et Biophys. Acta, 
37, 425 (1960). 
11. HumMEL, J. P., anp Kaunitsky, G., J. Biol. Chem., 234, 
1517 (1959). 
12. MARKHAM, R., AND Situ, J. D., Biochem. J., 62, 558 (1952). 
13. VoLKIN, E., aNnp Coun, W. E., J. Biol. Chem., 205, 767 (1953). 
14. MERRIFIELD, R. B., anD D. W., J. Biol. Chem., 
197, 521 (1952). 
15. WHITFELD, P., Biochem. J., 58, 390 (1954). 
16. Herret, L. A., WHITFELD, P. R., aND MarkuHam, R., Bio- 
chem. J., 60, 8 (1955). 
17. Hepre., L. A., Ortiz, P. J., AND Ocuoa, S., Science, 123, 415 
(1956). 
18. Herre, L. A., Ortiz, P. J., AND Ocnoa, S., J. Biol. Chem., 
229, 679 (1957). 


oo or 


M.N. Lipsett, L. A. Heppel, and D. F. Bradley 


© 


to 


RB NB RN B 


863 


. STAEHELIN, M., Peterson, E. A., aND Soser, H. A., Arch. 


Biochem. Biophys., 85, 289 (1959). 


. SinGer, M. F., Heppet, L. A., Hitmog, R. J., J. Biol. 


Chem., 235, 738 (1960). 


. TorRIANI, A., Biochim. et Biophys. Acta, 38, 460 (1960). 
. GaREN, A., AND LEVINTHAL, C., Biochim. et Biophys. Acta, 


38, 470 (1960). 


. Koerner, J. F., anp SinsHeIMeER, R. L., J. Biol. Chem., 228, 


1049 (1957). 

PRIVAT DE GARILHE, M., AND LaskowskI, M., Sr., J. Biol. 
Chem., 223, 661 (1956). ) 

RazZzE.Lu, W. E., anp KHorana, H. G., J. Biol. Chem., 234, 
2114 (1959). 

Hiitmoeg, R. J., J. Biol. Chem., 235, 2117 (1960). 


. Stevens, A., AND Hitmog, R. J., J. Biol. Chem., 236,"3016 


(1960). 


. CUNNINGHAM, L., CatTiin, B. W., AND PrivaT DE GaARILHE, 


M., J. Am. Chem. Soc., 78, 4642 (1956). 


. Repp1, K. K., Biochim. et Biophys. Acta, 36, 132 (1959). 
. Micuetson, A. M., J. Chem. Soc., 1371 (1959). 
. Tuve, T. W.; AND ANFINSEN, C. B., J. Biol. Chem., 235, 3437 


(1960). 


. Srncer, M. F., Hitmoe, R. J., anp GRUNBERG-MANAGO, M., 


J. Biol. Chem., 235, 2705 (1960). 


. CHEN, P.S., Tortpara, T. Y., AND WARNER, H., Anal. Chem.., 


28, 1786 (1956). 


. Ames, B. N., anp Dustin, D. T., J. Biol. Chem., 235, 769 


(1960). 


. Hangs, C. 8., ano IsHeRwoop, F. A., Nature (London), 164, 


1107 (1949). 


. Kress, H. A., aNnD Hens, R., Biochim. et Biophys. Acta, 12, 


172 (1953). 


. WARNER, R. C., J. Biol. Chem., 229, 711 (1957). 
. FELSENFELD, G., AND Ricu, A., Biochim. et Biophys. Acta, 


26, 457 (1957). 


. Ricu, A., AND Davies, D. R., J. Am. Chem. Soc., 78, 3548 


(1956). 


. FELSENFELD, G., Biochim. et Biophys. Acta, 29, 133 (1958). 
. Lipsett, M. N., Proc. Natl. Acad. Sci. U. S., 46, 445 (1960). 
. Fresco, J. R., ann AuBerts, B. M., Proc. Natl. Acad. Sci. 


U.S., 46, 311 (1960). 


. BoeptKer, H., Federation Proc., 19, 316 (1960). 
. Tasor, H., AND Hastinas, A. B., J. Biol. Chem., 148, 627 


(1943). 


1x- 
U 
ich 
ine 
lat 
sid 
ng 
ry 
de 
lic 
in 
im 
he 
), 
35 
PX 
1g 38 
d 41 
y- 42 
: 43 
) 
‘ 
g 
0 
i 
UM 


Tue JOURNAL oF CHEMISTRY 
Vol. 236, No. 3, March 1961 
Printed in U.S.A. 


Enzymatic Synthesis of Deoxyribonucleic Acid 


VIII. FREQUENCIES OF NEAREST NEIGHBOR BASE SEQUENCES 
IN DEOXYRIBONUCLEIC ACID 
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Determination of deoxyribonucleotide sequence in a deoxyribo- 
nucleic acid molecule is important from both the chemical and 
genetic points of view. It is also essential for answering the 
question of whether DNA synthesized in vitro by polymerase 
(1, 2) is a faithful copy of the nucleotide! sequence of the primer 
DNA. Although enzymatically synthesized DNA has the same 
over-all nucleotide composition as the particular primer DNA 
(3), it could not be inferred that this synthesis is a replication of 
the nucleotide sequences of the primer. 

Because of the limitations of present methods, complete se- 
quence studies have never been made. Sinsheimer (4) has been 
able to identify 16 of the 25 possible dinucleotide pairs resulting 
from enzymatic digestion of calf thymus DNA. From recent 
analyses of various DNA’s by Shapiro and Chargaff (5) and by 
Burton and Peterson (6), there is now information on the fre- 
quency of occurrence of a pyrimidine nucleotide flanked on both 
sides by purine nucleotides and on the frequencies of short runs 
of pyrimidine nucleotides in the polynucleotide chains. These 
workers were able to deduce that there is a nonrandom arrange- 
ment of pyrimidine nucleotides in all of the DNA’s examined. 

In the studies to be reported here, we have derived the fre- 
quencies of the 16 possible nearest neighbor pairs in a variety 
of DNA’s by the technique of enzymatic incorporation of 5’-P*- 
labeled nucleotides into DNA and then degradation of the DNA 
into 3’-nucleotides. Briefly, we have found that: (a) each DNA 
directs the synthesis of a product which has a unique and non- 
random pattern of the 16 nearest neighbor frequencies; (6) the 
DNA synthesized has the same nearest neighbor frequencies 
whether the primer is native DNA or enzymatically prepared 
DNA containing only traces of the original native DNA; and 
(c) the pattern of nearest neighbor frequencies in every case 
involves both base-pairing of adenine to thymine and of guanine 
to cytosine between sister strands of DNA, and opposite “polar- 
ity’? of the two strands as proposed in the Watson and Crick 


model (7). 
EXPERIMENTAL PROCEDURE 


Materials 


Substrates and Enzymes—Unlabeled deoxynucleoside triphos- 
phates were synthesized by the method of Smith and Khorana 


* Fellow of the National Foundation. 

1 The abbreviations used are: nucleotide, deoxyribonucleotide; 
dATP, dTTP#, dCTP”, dGTP®, triphosphates containing P* 
at the phosphate esterified to the sugar; d-AT copolymer, copoly- 
mer of deoxyadenylate and deoxythymidylate; d-GC polymer, 
polymer of polydeoxyguanylate and polydeoxycytidylate. 


(8). All of the labeled substrates contained P® in the phos- 
phate esterified to the sugar; they were prepared as described 
previously (1). The DNA-synthesizing enzyme was prepared 
from the polymerase, Fraction VII, described elsewhere (1); this 
enzyme was refractionated with diethylaminoethy] cellulose, 
yielding a preparation with a specific activity of 500 units per 
mg of protein. Micrococcal DNase was prepared according to 
Cunningham et al. (9); the final fraction had a specific activity 
of 7500 units per mg of protein.? Calf spleen phosphodiesterase 
was isolated by Hilmoe’s procedure (10); the purified preparation 
had a specific activity of 33 units per mg of protein. It is im- 
portant that the latter two enzymes be entirely free of phospho- 
monoesterase activity. A crude semen phosphomonoesterase 
was prepared from human semen by ammonium sulfate precipi- 
tation (11); the preparation had a specific activity of 1200 units 
per mg of protein.* A phosphodiesterase from Escherichia coli, 
kindly supplied by Dr. I. R. Lehman, was the concentrated 
diethylaminoethy! cellulose fraction and had a specific activity 
of 670 units per mg of protein (13). 

DNA Preparations—Samples from FE. coli, Aerobacter aero- 
genes, Mycobacterium phlei, and Hemophilus influenzae were pre- 
pared by a method previously described (3). Micrococcus lyso- 
deikticus DNA was purified by the same procedure from cell 
extracts made by lysozyme treatment. Bacillus subtilis DNA 
was generously provided by Dr. E. W. Nester; it had been ex- 
tracted from the cells by lysozyme treatment, deproteinized by 
the Sevag method (14), and then treated with pancreatic RNase 
(Worthington Biochemical Corporation). DN4<A’s from. the 
bacteriophages T2r+, T4r+, and T6r+ were extracted from 
phages grown and purified by the method of Herriott and Bar 


2 The enzyme was assayed by incubating 10 umoles of Tris buffer 
(pH 8.6), 1 wmole of CaCl, 1 umole of native calf thymus DNA 
(expressed as nucleotide P equivalents), and enzyme in a volume 
of 0.3 ml. After 15 minutes at 37°, the reaction was stopped by 
the addition of 1.0 ml of cold water and 1.0 ml of cold 1 N perchloric 
acid. After 5 minutes at 0°, the precipitate was removed by cen- 
trifugation, and the optical density of the supernatant liquid at 
260 my was determined. A unit of enzyme was defined as the 
amount causing the production of 10 mumoles of acid-soluble 
DNA polynucleotides in 15 minutes (assuming a molar extinction 
coefficient of 10,000). 

3 A unit of enzyme was defined as the amount causing liberation 
of 1 umole of inorganic phosphate in 1 hour in an assay mixture 
consisting of 0.1 mmole of sodium acetate (pH 5.0), 10 umoles of 
MgCle, 3 wmoles of 5’-AMP, and enzyme in a final volume of 1.2 
ml. After 15 minutes at 37° the reaction was stopped by the addi- 
tion of 0.14 ml of 3 m trichloroacetic acid. An 0.8-ml aliquot was 
removed for inorganic phosphate analysis by the Fiske and Sub- 
baRow method (12). 
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SYNTHESIS 
(by polymerase) 


DEGRADATION 


(by micrococcal DNase 
and splenic diesterase) 


Fic. 1. Synthesis of a P*?-labeled DNA chain and its subse- 
quent enzymatic degradation to 3’-deoxyribonucleotides. The 
arrows indicate the linkages cleaved by micrococcal DNase and 
calf spleen phosphodiesterase, vielding a digest composed exclu- 
sively of 3’-deoxyribonucleotides. 


low (15). After osmotic shock, residual intact bacteriophages 
and ghosts were removed by centrifugation; residual protein in 
the supernatant fluid was removed by the Sevag method (14), 
after which the DNA was precipitated by the addition of 2 vol- 
umes of cold 95% ethanol. DNA’s from the temperate bacterio- 
phages \ and Adg were prepared by phenol treatment of phages 
purified in a CsCl density gradient (16). 

Calf thymus DNA was isolated by the method of Kay, Sim- 
mons, and Dounce (17). Heated calf thymus DNA was pre- 
pared by heating at 100° for 30 minutes a neutral solution con- 
taining 0.5 mg of DNA per ml of water; under these conditions a 
39% hyperchromic effect was demonstrated. Enzymatically 
synthesized “‘calf thymus’? DNA was prepared by incubating 
native calf thymus DNA, the four unlabeled deoxynucleoside 
triphosphates, and polymerase of EF. coli as previously described 
(2); the reaction was allowed to proceed for 6 hours and then the 
solution was dialyzed for 48 hours at 5° against 5000 volumes of 
0.2 w NaCl. The nondialyzable product now contained 20 
times the optical density at 260 my of the primer DNA. Thus, 
95% of the DNA in the product was derived from the substrates 
by enzymatic synthesis. 

d-AT copolymer was prepared as described by Schachman 
et al. (18). P*®-labeled d-AT copolymer was prepared with 
dATP®. The d-GC polymer was enzymatically synthesized by 
incubation of dGTP and dCTP with polymerase in the absence 
of added DNA primer; after a lag period of 1 to 2 hours, a vis- 
cous product containing deoxyguanylate and deoxycytidylate 
was formed. Further details concerning the synthesis and 
characterization of the d-GC polymer will be reported at a 
future date. 


Methods 
I. Basic Plan 


Synthesis of P**-labeled DN A’s—Each DNA used as primer 
was reacted with labeled substrates according to the following 
pattern: 


J. Josse, A. D. Kaiser, and A. Kornberg 865 


Reaction 1. dATP*?, dTTP, dGTP, dCTP 
Reaction 2. dATP, dTTP*, dGTP, dCTP 
Reaction 3. dATP, dTTP, dGTP, dCTP 
Reaction 4. dATP, dTTP, dGTP, dCTP*. 


As shown in Fig. 1, the P*®, which is attached to carbon 5 of the 
deoxyribose of the nucleoside triphosphate (Y), becomes esteri- 
fied with carbon 3 of the deoxyribose of the nucleotide (X) at 
the growing end of the chain. Approximately 1 mymole of P®- 
labeled diester bonds, representing of the order of 10% such link- 
ages, was made in each reaction mixture. (Although this 
mechanism for chain growth appears the most probable, alterna- 
tive mechanisms will not alter the P® distribution in the syn- 
thesis of long chains.) The extent of DNA synthesis generally 
represented a 20% increment over the amount of primer added, 
but, as will be apparent from the calculations, it was not essen- 
tial that the reactions in each of the four mixtures proceed to 
the same extent. It is assumed that the pattern of nucleotide 
arrangements will not be different whether the net increase in 
DNA varies, for example, from 10 to 30%. 

Degradation of P*-labeled DN A’s—The DNA isolated and 
washed free of unaltered substrates was hydrolyzed by the 
consecutive action of micrococcal DNase and calf spleen phos- 
phodiesterase. These enzymes cleave the bonds between phos- 
phate and carbon 5 of deoxyribose, leaving as products 3’-mono- 
nucleotides. Thus, the P*® now labels the deoxyribose carbon 3 
of that nucleotide in the chain with which the labeled triphos- 
phate substrate reacted (Fig. 1). By determining the P® con- 
tent of each of the four 3’-mononucleotides isolated from each 
reaction digest, one can calculate the frequency with which any 
nucleotide is linked to another in the newly synthesized chains. 


IT. Detailed Procedure 


A. Enzymatic Synthesis of P**-labeled DN A—FEach incubation 
mixture (0.3 ml) contained 20 umoles of glycine buffer (pH 9.2), 
2 umoles of MgCl., 0.3 umole of 2-mercaptoethanol, 20 mumoles 
of a DNA primer (expressed as nucleotide P equivalents), 5 
myumoles each of dATP, dTTP, dGTP, and dCTP, only one of 
which was labeled with P*® (specific activity of 0.5 to 1.0 x 108 
c.p.m. per umole), and polymerase. The amount of enzyme 
used was sufficient to incorporate approximately 1 mymole of 
the labeled nucleotide into DNA in 30 minutes. The amount of 
enzyme necessary varied with the different DNA primers used 
and was determined by preliminary assays with each type of 
primer; 0.5 to 5.0 wg of enzyme protein were required. For 
each primer, four such incubation mixtures were prepared, each 
containing the same amount of enzyme but a different labeled 
triphosphate, as described under the basic plan; all the reactions 
ran for 30 minutes at 37°. 

B. Isolation of Enzymatically Synthesized DN A—At the end of 
the incubation, each mixture was chilled; the isolation steps were 
carried out at 2°. Calf thymus DNA (0.2 ml of a solution con- 
taining 5 wmoles of nucleotide P per ml) was added as “carrier” 
followed at once by addition of 0.5 ml of 1 N perchloric acid. 
After 5 minutes, 2.5 ml of water were added, and the precipitate 
was dispersed. The precipitate was collected by centrifugation, 
dissolved in 0.3 ml of 0.2 N NaOH, and then reprecipitated with 
0.4 ml of 1 N perchloric acid. Water (3.0 ml) was added and 
the suspension stirred and centrifuged. The precipitate was 
treated once more in the same way, then collected and dispersed 
in 0.4 ml of water, and dissolved with the aid of 0.1 N NaOH. 
The pH was now adjusted to 8.6 and the volume to 0.5 ml 
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TABLE 
Radioactivity measurements in experiment with M. phlei DNA as primer 
| Labeled triphosphate 
Isolated | 
__ 3'-deoxy- | Reaction No. 1. dATP#2 Reaction No. 2. dTTP# Reaction No. 3. dGTP?? Reaction No. 4. dCTP# 
ribonucleotide ! 
| Sequence C.p.m. —_——- Fraction _ Sequence | C.p.m. Fraction | Sequence C.p.m. Fraction | Sequence C.p.m Fraction 
Tp | TpA 873. 0.075 «=TpT | 1,665 | 0.157 | TpG | 3,490 0.187 | TpC | 4,130 | 0.182 
Ap | ApA 1,710 0.146 ApT — 2,065 | 0.194 ApG 2,500 0.134 ApC 4,300 | 0.189 
Cp CpA 4,430 0.378 CpT 2,980 0.279 CpG 7,730 = =60.. 414 CpC 6,070 | 0.268 
Gp | GpA 4,690 0.401 GpT 3,945 0.370 GpG 4,960 0.265 GpC 8,200 | 0.361 
| | 
Sum 11,703 | 1.000 10,655 | 1.000 18 ,680 1.000 22,700 =: 1.000 


Less than 0.1% of the unaltered triphosphates remained in the 
final precipitate, as judged from control experiments that lacked 
enzyme or primer DNA. 

C. Enzymatic Digestion of DNA to 3’-Nucleotides—Stage 1. 
To each DNA solution were added 2 umoles of Tris buffer (pH 
8.6), 1 umole of CaCl, and 180 units of micrococcal DNase 
(total volume, 0.54 ml). After incubation at 37° for 2 hours, 
all the DNA was in the form of acid-soluble fragments. 

Stage 2. The pH of each digest was reduced to 7.0 with 0.1 
Nn HCl, 0.13 unit of calf spleen phosphodiesterase was added, and 
the mixture was incubated at 37°. Another 0.13 unit of the 
phosphodiesterase was added after 1 hour and again after a 
second hour. Total incubation time was 3 hours. At this 
point, aliquots were removed from each of the reaction mixtures 
and assayed for completeness of digestion, as judged by the 
fraction of P® which had become susceptible to the action of 
phosphomonoesterase.‘ In all 72 digests, over 93% of the radio- 
activity was phosphomonoesterase-sensitive; in 68 of:the digests, 
it was greater than 95%. The digest was then dried under an 
air stream at room temperature and dissolved in 0.07 ml of 
water. 

D. Separation of 3’-Nucleotides—Each preparation was sub- 
jected to paper electrophoresis according to the technique of 
Markham and Smith (19) (Whatman No. 3MM paper, 0.05 m 
ammonium formate buffer at pH 3.5, 1200 volts, 25-35°, 2 to 
2% hours). The bands were identified under an_ ultraviolet 
lamp, cut out, and eluted overnight at room temperature into 
3 ml of 0.01 n HCl. The identity of the 3’-nucleotide bands 
was occasionally verified spectrophotometrically. Strips of 
paper between the sharply resolved bands and in the forward 
area where inorganic phosphate travels were also cut out and 
eluted. 

E.. Determination of P® Content of 3’-Nucleotides—The eluates 
(1.0-ml aliquots) were assayed for radioactivity in a Nuclear- 
Chicago model D-47 gas flow counter with Micromil window. 
In all 72 digests, over 93% of the radioactivity applied to the 


paper was recovered in the nucleotide bands; in 65 of the digests, _ 


recovery was over 95%. Little or no radioactivity (<2%) was 
found in the strips between the mononucleotide bands or in the 


4 The assay mixture (0.2 ml) consisted of a 0.03-ml aliquot added 
to 50 umoles of sodium acetate buffer (pH 5.0), 3 umoles of MgCle, 
and 70 units of human semen phosphomonoesterase. After 20 
minutes of incubation at 37°, the assay mixture was chilled and 
treated exactly as described previously in Stage III of the assay 
for deoxynucleotide kinase (1). Radioactivity still adsorbed to 
Norit indicated its presence in a form resistant to the action of 
phosphomonoesterase. 


inorganic phosphate band, confirming that digestion of the DNA 
had been complete, and there had been no hydrolysis of the 
mononucleotides. 


RESULTS 


Calculation of Relative Frequencies of Nearest Neighbor Nucleo- 
tide Sequences—Because the specific radioactivities of the labeled 
substrates are known, it should be possible by measuring the 
radioactivity in each of the four 3’-nucleotides from a reaction 
digest to determine directly the amounts of these nucleotides, 
However, the variability in the progress of the enzymatic syn- 
thesis in the four reaction mixtures and in the isolation of the 
synthesized DNA reduced the precision of the analysis and led 
to the use of the method described below. The experiment with 
DNA from M. phlei as primer will be used as an example (Ta- 
ble I). 

The P® content of each of the four 3’-mononucleotides in a 
given reaction digest is converted to the decimal fraction of the 
total. The fractional values in a given reaction are not depend- 
ent upon the particular synthetic conditions in that reaction. 
In fact, identical fractional values should be (and indeed have 
been) obtained with varving amounts of substrates, enzyme, and 
incubation times. However, the relative amounts of each of 
the four bases incorporated into the enzymatically synthesized 
DNA are known to vary, depending upon the base composition 
of the particular primer DNA (3). It is therefore necessary to 
multiply the fractional values of each reaction by a base-incor- 
poration factor, which expresses the relative frequency with 
which the particular base (originally labeled as a 5’-nucleotide) 
is incorporated into the synthesized DNA. The four base-in- 
corporation factors, which we have denoted a, t, g, and c, for the 
labeled nucleoside triphosphates of adenine, thymine, guanine, 
and cytosine, respectively, may be derived by either of two 
methods. 

One method is to use the values provided by chemical deter- 
mination of the base composition of the primer DNA, inasmuch 
as it has already been established that the base composition of 
enzymatically synthesized DNA is identical to that of the par- 
ticular primer (3). In the case of M. phlei primer DNA, the 
molar proportions of adenine, thymine, guanine, and cytosine 
are 0.162, 0.165, 0.338, and 0.335, respectively (3), and therefore 
the base-incorporation factors are a = 0.162, ¢ = 0.165, 9 = 
0.338, andc = 0.335. 

The preferred method, which has been routinely used, requires 
no independent knowledge of the base composition of the par- 
ticular primer DNA. Instead, the base-incorporation . factors 
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are derived from the radioactivity measurements in the experi- 
ment. In these experiments, the digestions of the DNA and 
the subsequent recoveries of 3’-nucleotides were complete, and 
as a consequence the amount of a given base recovered from the 
synthesized DNA as a 3’-nucleotide is equal to the amount of 
that base incorporated into the DNA during synthesis as a 
5’-nucleotide. Four equations involving a, t, g, and c and the 
16 fractional values of Table I can be written expressing this 
equivalence. For example, the total amount of adenine incor- 
porated as a 5’-nucleotide (TpA + ApA + CpA + GpA) must 
be equal to the total amount of adenine recovered as a 3’-nucleo- 
tide (ApA + ApT + ApG + ApC). For MW. phlei DNA (Ta- 
ble 1) the equation expressing this equivalence is: 


0.075 a + 0.146 a + 0.378 a + 0.401 a 
= 0.146 a + 0.194 ¢ + 0.134 g + 0.189 c 
a = 0.146 a+ 0.194 ¢ + 0.134 9 + 0.189 


Similarly for thymine, guanine, and cytosine nucleotides: 


0.075 a + 0.157 ¢ + 0.187 g + 0.182 c 
0.401 a + 0.370 ¢ + 0.265 g + 0.361 c 
0.378 a + 0.279 ¢ + 0.414 g + 0.268 ¢ 


t 
q 
c 
The solution to these 4 equations is: 


a= 0.489 c; ¢=0.483c¢c; g = 1.000 c. 


It is apparent that the data show incorporation of deoxyadenyl- 
ate equal to deoxythymidylate and incorporation of deoxy- 
guanylate equal to deoxycytidylate. The ratio (a + #)/(g + ¢) 
= 0.48 is the same value as obtained by chemical analysis of 
the M. phlei DNA primer (3). 

For the convenience of expressing the frequencies of each of 
the nearest neighbor sequences as a decimal proportion of one, 
we may set: 


= 1.000. 
Then substituting the values derived above we obtain: 
a = 0.164, ¢ = 0.162, g = 0.337, c = 0.337. 


The base-incorporation factors derived algebraically from the 
radioactivity measurements are in the case of M. phlei DNA 
seen to be identical to those available from chemical determina- 
tion of base composition. On the one hand, this agreement 
validates the assumptions entailed in the algebraic derivation 
of the base-incorporation factors. On the other hand, the re- 
sults indicate that the derived base-incorporation factors are 
accurate expressions of the nucleotide composition of both 
primer and product DNA’s. 

The decimal fractions given in Table I may now be properly 
weighted for base frequencies, with each multiplied by its base- 
incorporation factor, and the nearest neighbor frequencies ob- 
tained are shown in Table II. As can be seen in Table II, the 
sums of the nearest neighbor frequencies for each nucleotide 
are the respective base-incorporation factors. 

Another example of the calculation of nearest neighbor fre- 
quencies from the original data is the experiment in which DNA 
from H. influenzae, a primer with relatively high adenine and 
thymine content, was used (Tables III and IV). The derived 
base-incorporation factors for this DNA, revealed in the nucleo- 
tide sums of Table IV, are, as in the case of the M. phlei DNA, 
very similar to those obtained by independent chemical analysis 
of the primer DNA. 
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Base Composition of Enzymatically Synthesized DNA—The 
nucleotide composition of enzymatically synthesized DNA, indi- 
cated in the nucleotide sums of the nearest neighbor frequencies, 
agreed with the primer compositions in M. phlei and H. influ- 
enzae, the examples mentioned earlier. Data obtained in the 
same way from nearest neighbor frequency determinations on a 
variety of DNA primers are summarized in Table V. The re- 
sults indicate that in each of these experiments faithful replica- 
tion of the over-all composition of the primer DNA has been 
achieved. Furthermore, the results independently confirm 
earlier evidence from chemical analyses that the base composi- 
tion of enzymatically synthesized DNA is identical to that of 
the primer DNA (3). 

Base-pairing and Opposite Polarity of Strands in Enzymatically 
Synthesized DN A—In the Watson and Crick model of DNA (7), 


two polynucleotide strands are held together in a helix by hy- 


drogen bonds between adenine and thymine and between gua- 
nine and cytosine. It was proposed that each strand could 
serve as a template for the formation of a new polynucleotide 
chain, the alignment of nucleotides in the new chain being medi- 
ated by the same hydrogen-bonding forces (Fig. 2). The postu- 
lated scheme allows for precise replication, since one parent helix 
gives rise to two daughter helices identical to one another and 
to the parent molecule. Replication of base composition of the 
primer in the enzymatic synthesis of DNA was presented as 
evidence for this scheme (3). ‘Now analysis of the frequencies 
of nearest neighbor sequences provides independent support for 
this mechanism. 

The tables show that the amounts of ApA and of TpT se- 
quences are equivalent; and so are the frequencies of CpC and 
GpG sequences (Tables II and IV). In examining the pairing 
of the other sequences, it is essential to recognize that the results 
expected are distinctly different, depending upon whether the 
strands of the double helix are of similar or opposite polarity. 
For example, the short segments illustrated in Fig. 3 contrast 
strands of similar polarity with strands of opposite polarity. 
The matching sequences predicted by the two models are differ- 
ent. 

In the model with opposite polarity six matching sequences 
are predicted; they are indicated in Tables II and IV by the 
same roman numeral. In each instance the agreement is good. 
The four values along the diagonal, which separates the data 
into two symmetrical halves, are independent and cannot be 
checked. In other words, every TpA sequence would be 
matched by a TpA sequence in the complementary strand of 
opposite polarity; the same constraint would apply to ApT, 
CpG, and GpC sequences. 

In the model with strands of similar polarity the 16 nearest 
neighbor sequence frequencies would fall into 8 pairs of matching 
values, indicated in Tables II and IV by the same lower case 
letter. Excluding the ApA, TpT, CpC, and GpG sequences, 
which match similarly in both models, it is evident that in only 
4 out of 12 instances are the values reasonably close. Statistical 
analysis of the data confirms good fit to the model of opposite 
polarity but significant deviation from the model of similar po- 
larity (Tables VI, VII, and VIII). As can be seen, the o,5p, 
which is the standard deviation of those values predicted to be 
equal in a model with strands of opposite polarity, is in every 
experiment close to the o.::.r, the estimated standard deviation 
of values due to the over-all analytical error of the method (¢,,,/ 
Gerror ratios near 1.0). On the other hand, the o.im, which is 
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TABLE II 
Nearest neighbor frequencies of M. phlei DNA* 


As described in the text, identical Roman numerals designate those sequence frequencies which should be equivalent in a Watson 
and Crick DNA model with strands of opposite polarity; identical lower case letters designate sequence frequencies which should be 


equivalent in a model with strands of similar polarity. ' 


Nearest Neighbor Nucleotide Sequences 
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| 


Labeled triphosphate 


Isolated 3’-deoxyribonucleotide 


Reaction No. 


Tp Ap Cp Gp 
a b | c d 
TpA ApA | CpA GpA 
dATP2 0.012 0.024 | 0.063 0.065 
| I II Ill 
b a d c 
| TpT ApT CpT GpT 
dTTP? 0.026 0.031 0.045 0.060 
I IV 
e f g h 
TpG ApG CpG GpG 
dGTP? 0.063 0.045 0.139 0.090 
II IV VI 
j f e h g 
TpC ApC CpC GpC 
dCTP? 0.061 0.064 0.090 0.122 
III V VI \ 
| Sums 0.162 0.164 0.337 0.337 


* Chemical analysis of the base composition of the primer DNA indicated molar proportions of thymine, adenine, cytosine, and 


guanine of 0.165, 0.162, 0.335, and 0.338, respectively (3). 


TaBLeE III 
Radioactivity measurements in experiment with H. influenzae DNA as primer 


Labeled triphosphate 


Isolated 
3’-deoxy- Reaction No. 1. dATP#? Reaction No. 2. dTTP#2 Reaction No. 3. dGTP? Reaction No. 4. dCTP? 
ribonucleotide 
Sequence C.p.m. Fraction Sequence C.p.m. Fraction Sequence C.p.m. | Fraction Sequence C.p.m. Fraction 
| 

Tp TpA 8,406 0.234 TpT 14,196 0.377 TpG 7,848 0.354 TpC 6 ,633 0.273 
Ap ApA | 13,404 | 0.373 | ApT | 11,610 | 0.309 | ApG 5,805 | 0.262 | ApC 6,246 | 0.257 
Cp CpA 7,800 | 0.217 | CpT 5,985 | 0.159 | CpG 4,308 | 0.194 | Cpc 4,713 | 0.1% 
Gp GpA 6,327 0.176 GpT 5,841 0.155 GpG 4,209 0.190 GpC 6 ,696 0.276 
Sum 35,937 1.000 37 ,632 1.000 22,170 1.000 24,288 1.000 


the standard deviation of those values predicted to be equal in a 
model with strands of similar polarity, is in every experiment 
considerably higher than the Gerror (Gsim/@error Tatios greater 
than 4.7). 


Nonrandom Nature of Nearest Neighbor Frequencies in Enzy- 
matically Synthesized DN A—Because there are about 10* nearest 
neighbor pairs in a DNA strand and perhaps 10° or more differ- 
ent strands even in a bacterial DNA population, it was possible 
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0.3 TaBLe IV 
Nearest neighbor frequencies of H. influenzae DN A* 
See legend of Table II. 
| Isolated 3’-deoxyribonucleotide 
son Reaction No. Labeled triphosphate 
d be Tp Ap Cp Gp 
| 
a b | d 
TpA ApA | CpA GpA 
sis 1 dATP?? 0.073 0.116 0.067 0.054 
d I II III 
b a d c 
TpT ApT CpT GpT 
ai 2 dTTP 0.116 0.095 0.049 0.048 
I IV 
e f g h 
TpG ApG CpG GpG 
3 0.067 0.050 0.038 0.036 
h II IV VI 
f e h g 
TpC ApC CpC GpC 
4 0.052 0.049 0.037 0.053 
g III Vv VI 
Sums 0.308 0.310 0.191 0.191 


* Chemical analysis of the base composition of the primer DNA indicated molar proportions of thymine, adenine, cytosine, and 
guanine of 0.302, 0.319, 0.196, and 0.182, respectively (20). 


—_ TABLE V 
and Nucleotide composition of enzymatically synthesized DNA 
The values in the first 4 columns are taken from the nucleotide sums of the nearest neighbor frequencies of each DNA; in the case 
of the bacteriophage DNA values, averages of the \ and A dg sums and of the T2, T4, and T6 sums are given in this table. 
Chemical analysis 
Primer DNA Ap Tp Gp Cp Tp + Cp Gp + Cp re 
Gre Reference 
0.164 0.162 0.337 0.337 1.00 0.48 0.49 3 
3 0.220 0.223 0.280 0.277 1.00 0.80 0.82 3 
7 0.248 0.254 0.249 0.249 0.99 1.01 0.97 3 
4 Bacteriophages \ and A dg............. conch ee 0.252 0.249 0.252 0.99 1.00 1.06 16 
6 0.278 0.280 0.222 0.220 1.00 1.26 1.29 t 
0.286 0.283 0.214 0.217 1.00 1.32 1.25 3 
0 0.310 0.308 0.191 0.191 1.00 1.62 1.64 20 
Bacteriophages T2, T4 and T6............. 0.319 0.318 0.184 0.179 1.01 1.76 1.84f | 22, 23 
0.500 0.500 <0.002 <0.002 1.00 >250 >40 3 
est * A, T, G, and C refer to the bases adenine, thymine, guanine, and cytosine, respectively. 
fer- t Analysis of B. subtilis DNA primer was performed according to the method of Wyatt and Cohen (22). 
ble t The value for the T-even bacteriophage DNA’s represents an average of all the data given in the references. 
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Fic. 2. Proposed scheme of replication of a Watson and Crick DNAmodel. Bold-lined polynucleotide chains of the two daughter 


molecules represent newly synthesized strands. 
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TpA (.0!12) = TpA (012) 
ApG (.045) = CpT (.045) 
GpA (005) = TpC (06!) 


TpA GOI2) = ApT (031) 
ApG (.045) = Tpc (001) 
GpA (065) = CpT (045) 


Fic. 3. Contrast of a Watson and Crick DNA model with 
strands of opposite polarity with a model with strands of similar 
polarity. The predicted matching nearest neighbor sequence fre- 
quencies are different. Values in parentheses are sequence fre- 


quencies from the experiment with M. phlei DNA. 


(The strands 


represented here are the newly synthesized strands of Fig. 2; for 
ease of comparison, they are aligned as if they were complemen- 


tary strands of the same double helix.) 
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TaBLe VI 
Nearest neighbor frequencies of calf thymus DNA 
1 2 | 3 | 4 
Nearest neighbor sequence Enzymatically synthesized ‘‘calf thymus” DN A* 
Native calf thymus DNA Wiiieiel aiek Heated calf thymus DNA 
Untreated 
ApA, TpT 0.089, 0.087 0.093, 0.091 0.088, 0.083 0.087, 0.082 
CpA, TpG 0.080, 0.076 0.073, 0.073 0.078, 0.076 | 0.079, 0.077 
GpA, TpC 0.064, 0.067 0.064, 0.059 0.063, 0.064 | 0.065, 0.064 
CpT, ApG 0.067, 0.072 0.067, 0.070 0.068, 0.074 0.070, 0.072 
GpT, ApC 0.056, 0.052 0.050, 0.052 0.056, 0.051 0.054, 0.055 
GpG, CpC 0.050, 0.054 0.047, 0.054 0.057, 0.055 0.054, 0.054 
TpA 0.053 0.076 0.059 0.053 
ApT 0.073 0.091 0.075 0.070 
CpG 0.016 0.010 0.011 0.017 
GpC 0.044 | 0.039 0.042 0.047 
Deviation ratios{ | 
1.9 0.8 1.6 0.7 
9.3 9.1 9.6 8.9 
Crand/@error 9.1 7.9 9.4 8.8 


* Only 5% of this DNA is the native calf thymus primer; its synthesis is described in ‘‘Materials.”’ 

+ After synthesis of the P*?-labeled DNA, the four reaction mixtures were made 0.2 M in NaCl and then heated at 70° for 5 minutes 
to destroy enzymatic activity. This was followed by dialysis for 48 hours at 5° against 5000 volumes of 0.2 mM NaCl and then further 
dialysis for 4 hours against 1000 volumes of 0.06 m glycine (pH 9.7) at 5°. To each dialysate (2.5 ml) were added 14 umoles of MgCl: 
and 150 units of E. coli phosphodiesterase. After 60 minutes at 37°, each reaction mixture was chilled and then treated as in Step B 
and succeeding steps of the detailed procedure. The nearest neighbor frequencies shown in column 3 were then obtained. 

t See ‘“Appendix”’ for description of these statistics. 


TaBLeE VII 
Nearest neighbor frequencies of bacterial DN A’s 
Nearest neighbor M. lysodeikticus DNA M. phlei DNA A. aerogenes DNA E. coli DNA | B. subtilis DNA H. influenzae DNA 
sequence (0.41)* (0.48) (0.80) (1.01) (1.26) (1.62) 
ApA, TpT 0.019, 0.017 0.024, 0.026 0.059, 0.061 0.071, 0.076 0.092, 0.095 0.116, 0.116 
CpA, TpG 0.052, 0.054 | 0.063, 0.063 0.067, 0.069 0.071, 0.071 0.067, 0.068 0.067, 0.067 
GpA, TpC 0.065, 0.063 | 0.065, 0.061 0.058, 0.057 0.055, 0.056 0.067, 0.065 0.054, 0.052 
. CpT, ApG 0.050, 0.049 0.045, 0.045 0.057, 0.056 0.055, 0.055 0.057, 0.058 0.049, 0.050 
GpT, ApC 0.056, 0.057 0.060, 0.064 0.052, 0.052 0.055, 0.054 0.048, 0.048 0.048, 0.049 
GpG, CpC 0.112, 0.113 0.090, 0.090 0.067, 0.065 0.056, 0.056 0.046, 0.046 0.036, 0.037 
TpA 0.011 0.012 | 0.036 0.051 0.052 0.073 
ApT 0.022 0.031 | 0.053 0.068 0.080 0.095 
CpG 0.139 | 0.139 0.088 0.067 0.050 0.038 
GpC 0.121 | 0.122 | 0.103 0.083 0.061 0.053 
| 
Deviation ratios | | 
Popp/Cerror 0.6 | 1.0 | 0.7 0.8 | 0.5 0.6 
Osim/Gerror 6.7 | 8.2 | 6.0 5.3 | 7.4 7.2 
tials 5.8 | 8.0 | 6.9 6.1 6.7 7.4 
* The numbers in parentheses are the Gs + a ratios foreach DNA. (See Table V.) 


the product frp X fap. Inasmuch as Ap and Tp occur equally 
often in DNA, the ApA and ApT sequences would also be equal 
in frequency. Similarly, the frequencies of the GpA and ApG 
sequences should on this statistical basis prove to be equal and 
predicted by the product fe, X fap. The results with all the 
primers tested (Tables VI, VII, and VIII) show that for every 
DNA there is significant deviation from the frequencies pre- 


that the over-all result would show frequencies predicted by 
random ordering of the nucleotides in the DNA chains. If this 


were so, the frequency of a given nearest neighbor or dinucleo- 
aie tide sequence (e.g. frpa) in a particular DNA could be predicted 
‘for from the product of the frequencies of the two constituent mono- 
en- nucleotides (e.g. frp X fap) inthat DNA. Thus, the frequencies 
of sequences ApT and TpA would be equal and predicted by 


| 
| 
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TaBLeE VIII 
Nearest neighbor frequencies of bacteriophage DNA’s 
Nearest neighbor A* DNA A dg DNA T2 DNA T4 DNA T6 DNA 
sequence (1.00)* (1.00) (1.74) (1.80) (1.74) 
ApA, TpT 0.069, 0.073 0.072, 0.074 0.111, 0.106 0.109, 0.109 — 0.106, 0.108 
CpA, TpG 0.070, 0.069 0.070, 0.070 0.061, 0.063 0.061, 0.063 0.062, 0.062 
GpA, TpC 0.060, 0.064 0.059, 0.061 0.059, 0.057 0.059, 0.059 0.059, 0.058 
CpT, ApG 0.056, 0.053 0.056, 0.053 0.054, 0.057 0.056, 0.057 0.058, 0.060 
GpT, ApC 0.054, 0.054 0.054, 0.055 0.051, 0.048 0.052, 0.049 0.051, 0.050 
GpG, CpC | 0.062, 0.063 0.057, 0.056 0.036, 0.034 0.035, 0.032 0.034, 0.033 
TpA | 0.047 0.047 0.089 0.091 0.090 
ApT | 0.070 | 0.068 0.104 0.105 0.101 
CpG | 0.064 | 0.069 0.030 0.027 0.028 
GpC | 0.072 | 0.079 0.040 0.036 0.040 
Deviation ratios | | 
Conn/Cerrot | 0.7 | 0.8 0.9 0.5 
a 6.3 | 6.0 5.1 4.8 4.7 
yy 5.0 | 5.9 3.9 3.5 3.5 
Ap + Tp 


xT 

Che numbers in parentheses are the ite 

TaBLeE IX 
Selective degradation of d-AT copolymer 
by Lehman E. coli phosphodiesterase 

The complete system contained 20 wmoles of glycine buffer 
(pH 9.7), 2 umoles of MgCls, 15 mumoles of P*?-labeled d-AT co- 
polymer (expressed as nucleotide P with a specific activity of 
5 X 10° c.p.m. per wymole), 30 mumoles of enzymatically synthe- 
sized ‘‘ealf thymus’’ DNA, and 60 units of the £. coli phospho- 
diesterase in a final volume of 0.35 ml. After a 60-minute incu- 
bation at 37° the mixture was chilled and 0.75 umole of native 
ealf thymus DNA was added as “‘carrier.’’ Immediately, 0.50 
ml of cold 1 N perchloric acid was added and the mixture (1.0 ml) 
allowed to stand at 0° for 5 minutes; it was then centrifuged at 
10,000 X g for 5 minutes, and the optical density of the super- 
natant liquid was determined at 260 my. A molar extinction 
coefficient of 12,000 was assumed for the nucleotides in the acid 
supernatant liquid. An aliquot of the supernatant liquid (0.5 
ml) was also assayed for radioactivity. 


Amount made acid-soluble 


System 
p32 Optical density 
| 
1. P**-d-AT (15 mpamoles)............. 97 | 97 
2. P82-d-AT (15 mumoles) + DNA (30 | 


dicted by random ordering of the mononucleotides. For exam- 
ple, with DNA from M. phlei (Table VII), the TpA sequence 
occurs only half as often as the ApA sequence. With calf thy- 
mus DNA (Table VI), the CpG sequence occurs less than a 
third as often as the GpG sequence. The data of each experi- 
ment have been statistically analyzed for deviation from perfect 
fit with the nearest neighbor frequencies predicted by random 
arrangement of the mononucleotides (Tables VI, VII, VIII). 
Some general conformity to arrangements expected from the 
nucleotide composition is observed and is more marked in certain 
of the DNA’s, for example, in the T-even virulent bacteriophages 
(Table VIII); yet the sequence frequencies for each DNA sam- 
ple tested are unique and hardly random in character. The 


ratios for each DNA. 


(See Table V.) 


value ¢rana expresses the standard deviation of results from those 
predicted by random arrangement of the nucleotides; it can be 
seen (Tables VI, VII, and VIII) that these values are consist- 
ently higher than the gerror Values. 

Nearest Neighbor Sequence Frequencies in DNA Synthesized 
with Native versus Enzymatically Produced Primer—The nearest 
neighbor sequence frequencies measured by the technique in 
these studies are those in the newly synthesized DNA. The 
inference that these frequencies are an accurate reflection of 
those of the native DNA primer was tested in the following 
way. An enzymatically synthesized sample of ‘calf thymus” 
DNA in which only 5% of the total DNA consisted of the native 
calf thymus primer was itself used as primer in a typical sequence 
analysis procedure. The results are compared with those ob- 
tained with the native calf thymus DNA as primer (Table VI). 
It may be seen in Columns 1 and 2 that there is fair agreement 
between the sequence frequencies of the products primed by the 
native and by the enzymatically synthesized DNA’s, except for 
notably higher values of TpA and ApT for the latter DNA. 
This discrepancy was due to a technical difficulty, and the 
following steps were taken to overcome this. 

Reactions on a scale sufficient to produce extensive net syn- 
thesis of DNA almost invariably result in some production of 
the d-AT copolymer (3, 18). Under proper conditions, this 
polymer represents only a small percentage of the DNA synthe- 
sized and does not significantly distort the nucleotide composi- 
tion of the DNA product (3). However, the d-AT copolymer 
is 5 to 10 times more efficient as primer than most DNA’s and as 
a consequence is replicated to a significant extent when a DNA 
sample containing small amounts of the polymer is used for 4 
sequence frequency analysis. More specifically, the sequence 
patterns are distorted by an abundance of TpA and ApT se- 
quences which comprise this polymer (18 and see below). This 
interference was overcome by removing contaminating d-AT 
copolymer from the P-labeled, enzymatically synthesized DNA 
before degrading it to the 3’-mononucleotides. This selective 
removal was accomplished by the use of Lehman’s E. coli phos- 
phodiesterase (13), an enzyme which degrades heated DNA and 
single-stranded DNA from bacteriophage ®X174 (24) but does 
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not attack native, double-stranded DNA. The data in Table 
[X show that in a mixture of one part of P*-labeled d-AT co- 
polymer and two parts of unlabeled, enzymatically synthesized 
DNA, 92% of the d-AT copolymer was degraded to an acid- 
soluble form whereas less than 5°% of the DNA was so affected. 

By use of the diesterase to remove the d-AT copolymer con- 
tamination (see footnote of Table V1), the sequence frequencies 
shown in Column 3 of Table VI were obtained. The values for 
the TpA and ApT sequences are sharply reduced and now agree 
with those of the native primer; the values for the other sequences 
are, as a consequence, slightly altered and are in excellent agree- 
ment with the native primer. 

Nearest Neighbor Sequence Frequencies in Native and Heated 
DNA—Heating of calf thymus DNA for 30 minutes at 100° in a 
medium of low ionic strength results in collapse of the rigid heli- 
cal structure to a randomly coiled configuration. This change 
in state does not diminish, and in fact improves, the efficiency of 
the DNA as primer. As shown in Column 4 of Table VI, the 
sequence frequencies were the same whether native or heated 


‘DNA was used as primer. 


Nearest Neighbor Sequence Frequencies in DNA of Several Bac- 
teria and Bacteriophages—Data from DNA samples ranging from 
low to high Ap + Tp content are compared in Tables VII and 
VIII. Like the data in Table VI, these results agree closely 
with the base-pairing and opposite polarity of strands demanded 
by the Watson and Crick model. The sequence frequencies, 
although showing an over-all influence by the nucleotide compo- 
sition, are nevertheless not predictable by random arrangement 
of the nucleotides. 

Values for a group of temperate and virulent FE. coli phages 
are presented in Table VIII. It may be seen at once that the 
frequencies forthe DNA’s of the closely related temperate \ phages 
and their lysogenic host are very similar. Also, it is apparent 
that the values for the T-even phages are virtually indistinguish- 
able from one another, as might be expected from their intimate 
genetic relationship, and further that the values for these virulent 
phages are strikingly different from the host cell DNA. It 
should be noted that in the case of the DNA’s of the T-even 
bacteriophages, the data presented in this report are based on 
the use of deoxycytidine nucleotide, although it is a reasonable 
presumption that the sequence patterns would be identical if 
5-hydroxymethyldeoxycytidine triphosphate were used in place 
of deoxycytidine triphosphate. 

Sequence Frequencies in d-AT Copolymer, d-GC Polymer, and 
Product of Reaction Primed with Both Polymers—The results in 
Table X show that chains of the d-AT copolymer contain a 
perfectly alternating sequence of deoxyadenylate and deoxy- 
thymidylate. By contrast, the d-GC polymer consists of un- 
equal amounts of homopolymers of polydeoxyguanylate and of 
polydeoxycytidylate. When both polymers were present  to- 
gether to prime the enzymatic synthesis, the sequences observed 
in the product were ApT, TpA, GpG, and CpC, sequences ex- 
pected from the primers used. These molecules are thus highly 
ordered structures. Sequences other than those in the original 
primer, if occurring, are relatively infrequent, and refinements 
Z the current method will be necessary to detect and measure 
them. 


DISCUSSION 


The current results on the nearest neighbor frequencies pro- 
vide the clearest evidence for a mechanism of enzymatic synthe- 
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TABLE X 
Nearest neighbor frequencies of d-AT copolymer and d-GC polymer 


The detailed procedure for the analyses of these polymers was 
altered in Step A. In the enzymatic synthesis of the P*?-labeled 
DNA (Step A) potassium phosphate buffer (pH 7.4) was sub- 
stituted for glycine. For the analysis of the d-AT copolymer 
the synthetic incubation mixture contained no dGTP nor dCTP, 
and only two reactions were carried out (dATP? + dTTP and 
dATP + dTTP*). Conversely, for the analysis of the d-GC 
polymer, dATP and dTTP were omitted, and two reactions were 
carried out (dGTP* + dCTP and dGTP + dCTP®). It is known 
that the omitted nucleotides in each case are not incorporated 
at all. In the analysis of the d-AT + d-GC mixture the syn- 
thetic incubation mixture contained 20 mumoles of each primer 
and all four nucleoside triphosphates; all four reactions were 
carried out in the usual fashion. 

In calculating the relative frequencies of nearest neighbor 
sequences, the computational scheme outlined in the text was 
applicable only to the analysis of the d-AT copolymer and gave 
results shown in the table. The general computational scheme 
could not be used for the data from the analysis of the d-GC 
polymer or of the d-AT + d-GC mixture; instead, in these 
cases the amounts of each 3’-nucleotide in the respective digests 
were determined by dividing its total radioactivity by the spe- 
cific activity of the originally labeled nucleoside triphosphate. 
The amounts were then converted to decimal fractions of a unit 
value. 


Nearest neighbor 


| 
d-GC* polymer | d-AT + d-GC* 


sequence | d-AT copolymer | | 
ApA, TpT — <0.001, <0.001 <0.001, <0.001 
CpA, TpG © | <0.001, <0.001 
GpA, TpC | | <0.001, <0.001 
CpT, ApG | <0.001, <0.001 
GpT, ApC | <0.001, <0.001 
GpG, Cpc 0.525, 0.475 | 0.170, 0.081 
TpA 0.500 | 0.381 
ApT | 0.500 | 0.365 
CpG <0.001 <0.001 
GpC <0.001 <0.001 


* Different preparations of the d-GC polymer contain variable 
and usually unequal amounts of homopolymers of polydeoxy- 
guanylate and polydeoxycytidylate; these differences will be 
further detailed in a later report. 


sis of DNA involving the sequential ordering of nucleotides along 
a DNA template on the basis of hydrogen bonding of adenine to 
thymine and of guanine to cytosine (25). In addition, these re- 
sults provide the first proof that the strands of the double helix 
have the opposite polarity postulated in the Watson and Crick 
DNA model. 

This technique for determining nearest neighbor nucleotide se- 
quences has limitations which warrant discussion. First of all, 
it cannot, as such, yield information on sequences longer than 
dinucleotides. The complete degradation of the synthesized 
DNA to 3’-nucleotides destroys any possibility for probing at 
trinucleotide or longer sequences. One approach to resolve this 


problem would be partial rather than total digestion of the syn- 
thesized DNA or chemical degradation that would yield 3’-phos- 
phate-terminated dinucleotides or oligonucleotides. In these 
cases the nucleotide to which the 3’-phosphate end had been at- 
tached can be deduced (as was routinely done in these studies). 
At present there is no way of obtaining a fixed ‘“‘fingerprint”’ of 
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3’-phosphate-terminated oligonucleotides by any degradative 
method. However, the studies of Rushizky et al. (26) with 
micrococcal DNase and the refined use of acid hydrolysis by 
Burton and Peterson (6) and by Shapiro and Chargaff (5) offer 
promising leads in this direction. 

Another limitation of the technique is its failure to distinguish 
sequences involving the uncommon nucleotides, such as 5-methy!]- 
deoxycytidylate (MCp) in calf thymus DNA. Whencalf thymus 
primer was used, deoxycytidylate always replaced the 5-methyl 
derivative, which has identical hydrogen-bonding properties, ob- 
scuring the important information on the arrangement of 5-meth- 
yldeoxycytidine nucleotides and at the same time giving erroneous 
values for deoxycytidine nucleotide sequences. For example, Sin- 
sheimer’s data (4) indicate that the nucleotide sequence MCpG 
is a major way of positioning 5-methyldeoxycytidylate in calf 
thymus DNA and could even account for nearly all the se- 
quences registered by our technique as CpG in calf thymus DNA 
(Table VI). We are hopeful that progress in defining the enzy- 
matic reactions responsible for the presence of the less common 
nucleotides in DNA will lead to the solution of the sequential 
arrangement of these nucleotides. 

Finally, the limitations in accuracy of these analyses should be 
pointed out. An analytical error of as little as 1% in our method 
would permit a relatively large number of errors to be made in 
determining the sequence frequencies ina DNA molecule. Even 
the small chromosome of X phage, containing as it does about 105 
nearest neighbor sequences, could differ from a related DNA in 
1000 nucleotide sequences without any difference being detect- 
able by this technique. 

The DNA samples examined in these studies were derived 
from viral and bacterial sources, calf thymus DNA being the 
only exception. It would be of considerable interest now to 
analyze DNA’s from a variety of plant and animal sources as 
well as from a broader selection of bacteria and viruses, including 
the very interesting single-stranded DNA from bacteriophage 
@X174 (24). From such data, relationships among sequence 
patterns might come to light that are not obvious to us now. 
Comparison of the sequence frequency patterns of calf thymus 
and B. subtilis DNA shows striking differences despite their com- 
positional identity. On the other hand, the sequence patterns 
of DNA’s of the temperate viruses \ and Adg are not distinguish- 
able from their host cell, F. coli. These observations are thor- 
oughly consistent with the genetic similarities expected of a 
temperate phage and its host and the differences anticipated be- 
tween the widely differing bovine and Bacillus species. 


SUMMARY 


1. A technique utilizing 5’-P*®-labeled deoxyribonucleotide 
substrates in the enzymatic synthesis of deoxyribonucleic acid 
(DNA), followed by enzymatic degradation of the DNA specifically 
to 3’-deoxyribonucleotides, has yielded the frequency of the 16 pos- 
sible nearest neighbor arrangements of the 4 deoxyribonucleotides 
in the DNA chains. 

2. DNA samples from viral, bacterial, and animal sources 
were used as primers, and led to the synthesis of products which 
in each case had a unique and nonrandom pattern of the 16 near- 
est neighbor sequence frequencies. In the case of the copolymer 
of deoxyadenylate and deoxythymidylate and the polymer of 
polydeoxyguanylate and polydeoxycytidylate, decisive charac- 
terization of the primary structure of these DNA’s was made 
possible by this method. 
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3. The pattern of sequence frequencies was the same in DNA 
synthesized with calf thymus DNA primer or with enzymatically 
prepared primer in which only traces of the native calf thymus 
DNA primer were present. The pattern was also unaltered 
when the primer used was denatured by heating. These results 
support the conclusion that the sequence frequencies observed 
in enzymatically synthesized DNA are the same as in the DNA 
primer. 

4. The distribution of sequence frequencies in 16 DNA sam- 
ples examined indicates that the mechanism of enzymatic syn- 
thesis, and by inference the native DNA structure, is based on 
base-pairing of adenine to thymine and of guanine to cytosine; 
the results also furnish experimental evidence for opposite polarity 
of the two strands of the double helix as suggested by Watson 
and Crick in their model for DNA. 
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A ppendix—The method of statistical analysis of these data was 
devised by Dr. Lincoln E. Moses of the Departments of Pre. 
ventive Medicine and Statistics, Stanford University. He has 
written the following description of the method. Four ways of 
gauging the experimental error were applied to the data. Each 
is appropriate to a different hypothetical model of DNA con- 
struction. A close fit of the data to one of the models reflects 
itself in a small value for the corresponding variance. In each 
of the four schemes, it was assumed that errors in the percent dis- 
tribution of counts per minute were of comparable variability, 
and of true average zero. 

The first of the four models is the most general: ‘“The strands 
of the DNA double helix may be of similar polarity, or they may 
be of opposite polarity, or conceivably even both polarities oc- 
cur.””’ Under this model we have, except for experimental error: 
ApA = TpT and GpG = CpC. The differences in these pairs 
reflect experimental error, and the sum of squares of these dif- 
ferences (30 in all) divided by 30 gives the estimate o 2,ror. 

The second model is that with strands only of opposite po- 
larity. In this case, each experiment furnishes six differences 
for gauging experimental error. They require weighting for the 
value of the (Ap + Tp)/(Gp + Cp) ratio, and so weighted and 
appropriately combined lead to the estimate ¢o 2,,. The calcula- 
tion is somewhat intricate, and simplified computations were 
used here. ‘These admit an approximation error of less than 10% 
in each experiment reported; the error of approximation leads to 
a slightly high value of ¢ 2,, in most experiments. 

The third model is that with strands only of similar polarity. 
Here there are eight differences which reflect experimental error; 
they require weighting for the value of the (Ap + Tp)/(Gp + 
Cp) ratio. It is readily shown that the eight weighted squared 
differences provide a six-degree of freedom estimate of experi- 
mental error in each experiment. This is the estimate ¢ 2im. 

The fourth model is that of random association of purine and 
pyrimidine nucleotides in the DNA chains. Under this model 
the percent distribution of counts for Tp and Ap should be equal 
to a common value (6) in each of the four reactions, and the per- 
cent distribution of counts per minute for Gp and Cp should be 
equal to 1 — @ in all four reactions. Thus, there are two sets 
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of eight quantities hypothetically equal, but for experimental 


error. 


The two sums of squares of these quantities about their 


means, divided by +,', is an unbiased estimate of experimental 


error variance under this model. 


The statistic thus computed is 


“mS 


10. 
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Thymine-requiring strains of F’scherichia colt differ from their 
wild parent strains in several ways indicative of different meta- 
bolic pathways for the biosynthesis of thymidine 5’-phosphate 
units of deoxyribonucleic acid. In addition to the unique re- 
quirement of exogenous thymine for growth, thymine mutants 
incorporate 5-halouracils (1-4) as well as thymine-2-C™ (5) into 
DNA with comparatively high efficiency. Furthermore, thy- 
mineless auxotrophs incorporate phosphate-P® into the thymi- 
dine 5’-phosphate units of DNA via a metabolic pathway that 
involves much less isotope dilution than the pathways utilized 
for the incorporation of phosphate into the other deoxynucleoside 
5’-phosphates; this is not the case in the wild parent strain of 
E. coli (6). It has also been suggested that wild type F. coli 
may be unable to convert thymine to thymidine (5). 

Studies with cell-free enzyme extracts prepared from mutant 
bacterial strains have been undertaken in this laboratory with 
the objective of comparing the biosynthetic pathways associated 
with the formation of thymidylic acid in such strains. In the 
present paper the enzymatic conversion of thymine-2-C™ to 
radioactive ribosyl thymine, thymidine, and thymidine 5’-mono- 
phosphate, as well as the synthesis of C'-thymidine 5’-mono- 
phosphate from deoxyuridine, tetrahydrofolic acid, and C"- 
formaldehyde, by crude extracts prepared from various strains 
of FE. coli is described. Strain II, a reversion of a thymine- 
requiring strain to thymine independence (1), was of special 
interest in this investigation, since this strain has not been ex- 
tensively studied at the enzymatic level. 


EXPERIMENTAL PROCEDURES 


Materials and General Methods—Creatine phosphate, ATP, 
Tris buffer, dTMP, dTDP, and dTTP were obtained from the 
Sigma Chemical Company, St. Louis, Missouri. Creatine kinase 
was kindly provided by Dr. E. 8. Canellakis of Yale University 
and had been prepared by the method of Kuby et al. (7). The 
authors are indebted to Dr. J. Fox of Sloan-Kettering Institute 
for a sample of ribosyl thymine, and to Mrs. Hanna Greenberg 
of Columbia University for a sample of purified phosphomono- 
esterase obtained from an acetone powder extract of human pros- 
tate gland. C'%dTMP with a specific activity of 3.0 me per 
mmole was generously provided by Dr. H. O. Kammen of Yale 
University. Thymine-2-C' and C'-formaldehyde were pur- 
chased from the New England Nuclear Corporation, Boston, 
Massachusetts. The thymine-2-C'* was further purified by 


* This investigation was supported by research grants from the 
National Institutes of Health, United States Public Health Serv- 
ice, from the National Science Foundation, and from the American 
Cancer Society. 


paper chromatography in an ethyl acetate-H,O-formie acid gol- 
vent system (8) before actual use in order to remove small quan- 
tities of radioactive contaminants. The remaining purine and 
pyrimidine derivatives used in this work were commercial prep- 
arations purchased from Schwarz BioResearch, Inc., Mt. Vernon, 
New York, or the California Corporation for Biochemical Re- 
search, Los Angeles, California. All compounds added to ineu- 
bation mixtures were added as the neutral sodium salts. Auto- 
radiograms were made with no-screen x-ray film obtained from 
the Eastman Kodak Company, Rochester, New York. 

The protein content of the cell-free enzyme extracts was esti- 
mated by the procedure of Gornal et al. (9) with bovine serum 


_ albumin as a standard. 


Bacterial Strains—The strains of EF. colt used in the present 
study were strain 15, the original wild type, strain I, a derivative 
thymine-dependent mutant, and strain II, a reversion of strain 
I to thymine independence (1). 

Preparation of Enzyme Extracts—F lasks containing 25 ml of an 
appropriately supplemented synthetic growth medium (10) were 
inoculated with a given strain and grown aerobically at 37° for 
18 hours; 3.0 wg of thymine per ml of synthetic medium were 
added whenever strain I was grown. These subcultures were 
used to inoculate 1-liter volumes of the synthetic medium, and 
the cells were incubated with vigorous aeration at 37°. The 
cells were harvested during the exponential phase of growth and 
washed with ice-cold 0.88% NaCl solution. Approximately 2 g 
of cells (wet weight) were obtained per liter of culture. A sus- 
pension of the cells was made by homogenization in either 6 
volumes of ice-cold 0.05 M potassium phosphate buffer pH 7.5, 
containing 0.02 m cysteine hydrochloride, or 5 volumes of ice- 
cold 0.05 m Tris buffer pH 7.5. The suspended cells were dis- 
integrated by sonication ina 9-ke. Raytheon sonic oscillator for 
10 minutes at 0°. The extent of cellular degradation after 
sonication was determined by microscopic examination of wet 
smears stained with crystal violet. Cell fragments were removed 
by centrifugation for 30 minutes at 20,000 x g. After centrif- 
ugation, the resulting clear supernatant was siphoned off, and 
a portion was stored in a deep freeze at —15° until ready for use. 
The remaining portion was centrifuged at 106,000 x g for 1 hour 
at 4°. The high speed supernatant fraction thus obtained was 
either siphoned off and stored at —15° or dialyzed for 18 hours 
at 4° against 4 liters of 0.05 m Tris buffer pH 7.4, and then stored 
at —15°. 

Paper Chromatography and Electrophoresis—Paper chromatog- 
raphy, paper electrophoresis, and autoradiography were used to 
separate and identify the radioactive intermediates of the enzyme 
reactions studied. Whatman No. 50 paper was used for all 
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chromatographic and electrophoretic procedures. The solvent 
systems used for paper chromatography were (I) ethanol-am- 
monium acetate pH 7.5 (11), (I]) butanol-H.O (12), (IID) iso- 
butyric acid-N H,OH pH 3.8 (13), and (LV) the upper phase from 
a mixture of ethyl acetate-H.O-formic acid (8). The mobilities 
of various purine and pyrimidine derivatives relative to the 
mobility of thymine in various solvent systems are given in Table 
|. Eluates of areas on chromatograms suspected of containing 
radioactive ribosyl thymine and thymidine were further sub- 
mitted to paper electrophoresis on Whatman No. 50 paper strips 
(13.5 by 35.5 em) in 0.1 M sodium borate buffer pH 9.0. The 
electrophoretic behavior of thymine, ribosyl thymine, and thy- 
midine in this buffer, as well as the rate of migration of dTMP, 
dTDP, and dTTP in 0.02 M ammonium formate buffer pH 3.3 
containing 0.01 mM Versene, are given in Table IT. 

Measurements of Radioactivity—Radioactive areas on chro- 
matograms were detected by autoradiography and counted on 
the intact chromatograms with a Geiger-Miiller tube with a thin 
mica end window. The specific enzymatic activity of the various 
enzyme extracts is expressed as the percentage of the total 
radioactivity in the product corrected to 1 mg of protein of the 
enzyme extract used. The data presented on radioactive meas- 
urements have been corrected for residual radioactivity deposited 
along the lane of transit of chromatograms by faster moving 


radiochemicals. This was accomplished by including with each | 


assay a zero time control tube which was identical in composition 
to the other reaction mixtures but which was heated in a boiling 
water bath for 5 minutes. This control tube was carried through 
the whole assay procedure, and radioactive areas on the control 
chromatogram were counted and subtracted from the quantity 
of radioactivity measured on corresponding areas on the chro- 
matograms of incubation mixtures. In general, the amount of 
residual radioactivity thus determined on chromatograms was 
exceedingly small. 


TABLE I 


Relative Rp values (Rp thymine = 1.0) of purine 
and pyrimidine derivatives 


Solvent systems 
Compounds 

1? II¢ 1114 Iv’ 
Ribosyl thymine..................... 0.98 | 0.52 | 0.64 | 0.28 
Deoxyadenosine.................... 0.61 0.11 
0.25 0.64 0.05 
Thymidine 5’-monophosphate........ 0.31 | 0.01 | 0.27 | 0.03 
Thymidine 5’-diphosphate..........| 0.20} 0.0 | 0.11 | 0.0 
Thymidine 5’-triphosphate........... 0.14 0.0 | 0.04 0.0 


* Descending chromatography at 22° on Whatman No. 50 paper. 
’ Ethanol-ammonium acetate pH 7.5, for 48 hours. 

‘ Butanol-H.O for 72 hours. 

4 Tsobutyric acid-NH,OH pH 3.8, for 72 hours. 

‘Ethyl acetate-H.O-formie acid for 48 hours. 
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TABLE II 


Paper electrophoresis of thymine derivatives 


Distance moved 


Compounds 


Buffer A® Buffer B° 
cm 
Thymidine 5’-monophosphate......... 10.2 
Thymidine 5’-diphosphate........... 15.6 
Thymidine 5’-triphosphate............ 18.1 


“ Buffer A: 0.02 M ammonium formate pH 3.3, containing 0.01 M 
Versene, for 90 minutes at 28.2 volts per em. 

’ Buffer B: 0.1 Mm sodium borate pH 9.0, for 120 minutes at 28.2 
volts per em. 


Conversion of Thymine-2-C™ to Radioactive Ribosyl Thymine, 
Thymidine, and dT M P—The ability of cell-free bacterial extracts 
to convert thymine-2-C™ to radioactive ribosyl thymine, thymi- 
dine, and dTMP was assessed in both the soluble 20,000 x g 
centrifugal fraction and the dialyzed 106,000 x g supernatant 
fraction of sonic extracts from each strain. For these experi- 
ments enzyme extracts were prepared in 0.05 M potassium phos- 
phate buffer pH 7.5, containing 0.02 m cysteine hydrochloride. 
In addition, the effect of added adenosine on the formation of 
ribosyl thymine was studied in dialyzed 20,000 x g enzyme ex- 
tracts prepared from strain II. Wherever indicated, dialysis of 
enzyme extracts was carried out at 4° for 24 hours against 4 liters 
of 0.05 m Tris buffer pH 7.5. Reaction mixtures were incubated 
at 37° for 1 hour and then analyzed for radioactive intermediates 
by the following method. The tubes were chilled in ice and the 
reactions arrested by the addition of 0.06 ml of ice-cold 70% 
HCO, (specific gravity, 1.6) to each tube. The deproteinized 
mixtures were centrifuged at 4°, and 0.07 ml of 6.0 Nn KOH was 
added to the clear acid-soluble fraction. The tubes were kept 
refrigerated overnight and recentrifuged. A 50-ul aliquot of the 
supernatant fluid was deposited on Whatman No. 50 paper, 
along with nonradioactive markers of thymine, ribosyl thymine, 
and thymidine, and the chromatograms were submitted to chro- 
matography in solvent system IV. With this solvent system 
good separations of thymine, ribosyl thymine, and thymidine 
can be attained (see Fig. 1). The dried chromatograms were 
pressed against film sensitive to x-rays for 48 hours, developed, 
and the radioactive spots on chromatograms with R»y values 
corresponding to the Ry values of the reference markers, as well 
as the radioactive area at the origin of chromatograms, were 
counted. 

Conversion of Deoxryuridine to dTMP—The_ undialyzed 
20,000 X g supernatant fractions prepared from sonic extracts 
of strain II in 0.05 m Tris buffer pH 7.5 were assayed for the 
presence of enzymes necessary for the formation of dTMP from 
deoxyuridine, tetrahydrofolic acid, and C'-formaldehyde (14). 
As controls, and also for purposes of comparison, similar enzyme 
extracts from strain I and the parent strain 15 were also assayed 
simultaneously. The assay procedure used is, in part, a modifi- 
cation of that described by Barner and Cohen (15). After in- 
cubation the tubes were chilled in ice and treated as follows. 
To one set of duplicate tubes (Assay I) 0.1 ml of ice-cold 60% 
trichloroacetic acid was added with stirring and the mixture 
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Fig. 1. Autoradiogram of a paper chromatogram showing the 
enzymatic conversion of thymine-2-C'* to radioactive compounds 
by an enzyme preparation from £. coli strain 15. The experi- 
mental conditions and the basic composition of the reaction mix- 
ture which also contained 5.0 wmoles of thymidine are given in 
Table IV. The reaction was arrested by the addition of acid, and 
two aliquots of the neutralized acid-soluble fraction were chro- 
matographed simultaneously in solvent system IV. The rddio- 
active areas on chromatograms which were counted have been 
indicated by large superimposed circles. Reference markers of 
ribosyl thymine, thymidine, and thymine are represented by 
small circles and labeled accordingly. 


centrifuged at 4°. The supernatant liquid was siphoned off and 
heated for 90 minutes in a boiling water bath to decompose the 
trichloroacetic acid. The tubes were chilled in ice, and 0.1 ml 
of a solution of human prostatic phosphomonoesterase (2 mg per 
ml) in acetate buffer pH 5.0 was added to convert any remaining 
nucleotides to the nucleoside level. After incubation at 37° for 
90 minutes, the reaction mixtures were thoroughly chilled in ice, 
centrifuged, and a 25-yl aliquot of the supernatant fluid from 
ach tube was deposited on Whatman No. 50 paper. Nonradio- 
active markers of thymine and thymidine were also applied, and 
chromatograms were developed for 48 hours in solvent system 
IV. The dried chromatograms were pressed against film sensi- 
tive to x-rays for 48 hours, and radioactive spots on chromato- 
grams were detected and counted. 

To the second set of duplicate tubes (Assay IIT) 0.06 ml of ice- 
cold 70° 0 HCO, (specific gravity, 1.6) was added with stirring 
and the mixture centrifuged at 4°. After centrifugation, 0.07 
ml of 6.0 N KOH was added to the supernatant fluid with stirring, 
and the insoluble KCIO, formed was removed by centrifugation. 
The supernatant liquid was siphoned off, and the samples were 
kept refrigerated overnight to further complete the precipitation 
of KCIOy. The samples were recentrifuged at 4°, and 25 ul of 
the clear supernatant were deposited on Whatman No. 50 paper. 
Nonradioactive markers of thymine, thymidine, and dTMP were 
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also applied to the paper which was then developed in solvent 
system III for 72 hours. After ‘autoradiography the radioactive 
area on the chromatogram with an Re value corresponding to 
the Rr value of the dTMP marker was counted. The radio- 
chemical purity of this area was further established by eluting 
this area from the chromatogram with H.O, concentrating the 
eluate, and submitting an aliquot of this solution to paper clec- 
trophoresis in 0.02 M ammonium formate pH 3.3, containing 0.01 
mM Versene. All the radioactivity was found in one area of the 
chromatogram which was coincident with the electrophoretic 
position of authentic dTMP. 


RESULTS 


Conversion of Thymine-2-C™ to Thymine Nucleosides—It has 
been found that the undialyzed 20,000 x g soluble fraction (see 
Table IIT) as well as the dialyzed 106,000 X g supernatant frac- 
tion (see Table IV) from all three strains of F. colt can catalyze 
the conversion of thymine-2-C™ to compounds tentatively iden- 
tified as radioactive thymidine, ribosyl thymine, and dTMP. 
Analysis of the acid-soluble fraction of incubation mixtures con- 
taining the various enzyme preparations was routinely accom- 
plished by paper chromatography in solvent system IV. Auto- 
radiographic exposures of the dried chromatograms revealed the 
presence of three prominent radioactive spots in addition to the 
one produced by the radioactive substrate. Two of these spots 
have been identified as radioactive thymidine and ribosy! thy- 
mine by paper chromatography in a number of solvent systems 
(Table I) and by paper electrophoresis in 0.1 M sodium borate 
buffer pH 9.0 (Table II). The third radioactive spot located at 
the origin of chromatograms was found to be due partly to C™- 
dTMP by submitting water eluates of this area to paper chro- 
matography in solvent systems I and III and paper electrophore- 
sis in 0.02 M ammonium formate buffer pH 3.3, containing 0.01 
m Versene. However, the amount of radioactivity associated 
with C4-dTMP was generally so small that this area of the chro- 
matogram was not routinely resolved further, since an accurate 
determination of the component radioactive compounds could 
not be hoped for by the assay procedures used. 

The formation of C'-thymidine by the 106,000 xX g superna- 


TaBLeE IIT 
Conversion of thymine-2-C™ to radioactive ribosyl thymine and 
thymidine by 20,000 X g enzyme extracts 

The reaction mixtures in a final volume of 0.9 ml contained 30 
umoles of Tris buffer pH 7.5, 0.08 umole of thymine-2-C™ (25 me 
per mmole), and enzyme extract (5.0 mg of protein) prepared from 
the strain indicated in 0.05 M potassium phosphate buffer pH 7.5, 
containing 0.02 m cysteine hydrochloride. Incubation was car- 
ried out at 37° for 1 hour. The reactions were stopped by the 
addition of acid, and aliquots of the neutralized acid-soluble frae- 
tions were assayed for radioactive intermediates by paper chro- 
matography in solvent system IV. 


Percentage distribution of radioactiv- 
ity on chromatograms per mg of 
protein 
Strain 15 Strain I Strain II 
Ribosyl thymine.................. 4.5 11.3 0 


Ribosy! Thymine 
Thymiding 


March 1961 


R. \Mantsavinos and S. Zamenhof 


879 


TABLE IV 
Conversion of thymine-2-C" to radioactive thymine nucleosides by dialyzed 106,000 * g enzyme extracts 
The reaction mixtures in a final volume of 0.9 ml contained 5.0 umoles of ATP, 5.0 umoles of creatine phosphate, 200 ug of creatine 


kinase, 10.0 umoles of MgCl 


2, 110 umoles of Tris buffer, pH 7.5, dialyzed enzyme extract (5.0 mg of protein) of the strain indicated 


prepared in 0.05 M potassium phosphate buffer pH 7.5, containing 0.02 M cysteine hydrochloride, and 0.88 umole of thymine-2-C™ (1.02 


me per mmole). 
added to reaction mixtures. 


Wherever indicated, 5.0 umoles of deoxyeytidine, deoxyuridine, or thymidine, or 60 umoles of dTMP were separately 
Reaction mixtures were incubated at 37° 


for | hour. The reactions were arrested by the addition of acid, 


and aliquots of the neutralized acid-soluble fraction were assayed for radioactive intermediates by paper acti i in solvent 


sv stem Iv. 


Percentage distribution of radioactivity On chromatograms per mg of protein 
Additions Strain 15 Strain I Strain II 

Deoxy- | Thy- | D - Deoxy- | Th Deoxy- y 

None cytidine aidine dTMP | None Thy. wiles adTMP | None dTMP 
4.7| 12.7] 4.3] 1.0] 2.8] 2.4] 3.0] 7.3] 1.2] 8.0] 3.0] 15.6! 9.9 
Ribosyl thymine 1.5) 1.3} 0.9} 68] 4.5] 0.7] 7.3] 3.4] 0.7] 21 
0.3 | 48.2 72.8 | 59.9) 13.7 0.5 | 42.5 68.5 78.2 30.7) 0.4 | 48.6 | 68.9 | 51.3 | 20.3 
96.0 45.6 23.4 | 26.5) 81.2 91.7 50.2 22.6 18.1 61.2) 91.1 40.0 | 25.8 | 32.4 | 67.7 


tant fraction of all three strains was found to be greatly enhanced 
by the addition of pyrimidine deoxyribonucleosides (deoxyuri- 
dine, deoxycytidine, and thymidine) as can be seen from the 
experimental data presented in Table IV. A typical autoradio- 
graphic exposure of a chromatogram illustrating the stimulatory 
effect of nonradioactive thymidine on the formation of C'-thymi- 
dine from thymine-2-C™ by enzyme extracts from strain 15 is 
shown in Fig. 1. Under similar experimental conditions, similar 
autoradiograms were obtained for the other two strains. Like- 
wise, thymidylic acid was found to be stimulatory, but toa lesser 
degree (see Table IV). The latter reaction probably proceeds 
after dTMP has been degraded to thymidine. Experimental 
evidence favoring dTMP as a source of thymidine for these reac- 
tions has been obtained by incubating enzyme extracts with C™- 
dTMP at 37° for 1 hour and analyzing the acid-soluble fraction 
of such reaction mixtures by chromatography in solvent system 
[V by the usual procedure. Radioactive thymine and thymidine 
were found in significant amounts (results not shown). 
Similarly, the addition of nonradioactive adenosine to incu- 


TABLE V 


Effect of adenosine on formation of ribosyl thymine by dialyzed 
20,000 XK g enzyme extracts of strain II 


The reaction mixtures in a final volume of 0.6 ml contained 10.0 
umoles of MgCl, 110 umoles of Tris buffer pH 7.5, dialyzed enzyme 
extract (6.0 mg of protein) prepared in 0.05 m phosphate buffer 
containing 0.02 m cysteine hydrochloride, and 0.88 umole of thy- 
mine-2-C'* (1.02 me per mmole); 5.0 umoles of adenosine were also 
added wherever indicated. . Incubation time was 1 hour at 37°. 
The reactions were stopped by the addition of acid, and aliquots 
of the acid-soluble fraction were assayed for radioactive inter- 
mediates by paper chromatography in solvent system IV. 


Percentage distribution of 
radioactivity on chromatograms 
Additions 

None Adenosine 
Ribosyl thymine...................... 6.8 61.0 


4 


bation mixtures containing thymine-2-C™ resulted in approxi- 
mately a 10-fold increase in the formation of radioactive ribosyl 
thymine by enzyme extracts prepared from strain II, as can be 
seen from Table V. 

An ATP-regenerating system was included in certain reaction 
mixtures with the intent of supporting kinase reactions associated 
with the formation of thymine nucleotides from thymine nucleo- 
sides. However, the presence of added ATP is not required for 
the formation of thymine nucleosides from thymine-2-C™ by the 
20,000 < g enzyme extracts, as can be seen from Table IIT. 

In all reactions studied, inactivation of the enzyme extracts 
by heating in a boiling water bath for 5 minutes resulted in a 
failure to detect any radioactive intermediates. 

Enzymes Mediating Synthesis of dTMP from Deoxyuridine— 


TABLE VI 


Ability of 20,000 X g enzyme extracts from various strains of E. coli 
to convert deoxyuridine to dTMP 


The reaction mixtures in a final volume of 0.9 ml contained 5.0 
umoles of ATP, 5.0 umoles of creatine phosphate, 200 ug of creatine 
kinase, 5.0 wymoles of MgCle, 10.0 uwmoles of deoxyuridine, 1.0 
umole of tetrahydrofolic acid, 0.2 umole of C'-formaldehyde (10.0 
me per mmole), and enzyme extract (8.0 mg of protein) derived 
from the strain indicated and prepared in 0.05 m Tris buffer pH 
7.5. Ineubations were carried out at 37° for 1 hour. Each reaec- 
tion mixture was prepared in duplicate, and one sample from each 
set was analy zed by Assay [ and the other by Assay IT. 


Radioactivity” 
Compound 
Strain 15 | Strain I Strain II 
c.p.m. 
Assay I 
Assay II 
Thymidylie acid. ............... 180 0 95 


* Represents the radioactivity on chromatograms associated 
with the compound indicated after assay of the acid-soluble frac- 
tion of incubation mixtures. 
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Fig. 2. Autoradiograms of chromatograms showing the separa- 
tion of radioactive compounds by Assay I. The experimental 
conditions and the basic composition of incubation mixtures are 
given in Table VI. The chromatographic results of assays of 
incubation mixtures containing enzyme extract derived from 
either the wild parent strain 15 or from strain I are shown. Two 


The presence of thymidylate synthetase! in extracts of EF. coli 
has been reported by Friedkin and Kornberg (14). This enzyme 
catalyzes the methylation of deoxyuridylic acid to form dTMP 
in the presence of tetrahydrofolic acid, formaldehyde, and MgCl. 
In the experiments described here, deoxyuridine, which is readily 
phosphorylated to deoxyuridylic acid by kinases present in E. 
colt (14), was added to reaction mixtures containing tetrahydro- 
folic acid, C™-formaldehyde, MgCl., an ATP-regenerating sys- 
tem, and an enzyme extract from either strain 15, strain I, or 
strain IT which was prepared in 0.05 mM Tris buffer pH 7.5. From 
the results presented in Table VI it can be seen that enzyme 
extracts from strains II and 15 possess the capacity to synthesize 
dTMP from deoxyuridine. No appreciable amount of C- 
ATMP could be detected whenever deoxyuridine was omitted 
from reaction mixtures. In contradistinction, enzyme extracts 
prepared from strain I cannot promote such a synthesis. It can 
be seen from Fig. 2 that no radioactive thymine or thymidine 
could be detected after assaying by Assay I incubation mixtures 


' This terminology was proposed by Flaks and Cohen (16). 
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STRAIN I 


aliquots from each sample were chromatographed simultaneously. 
The areas on the chromatograms which were counted have been 


indicated by the large superimposed circles. Reference markers 
of thymine and thymidine are represented by the small circles 
and labeled accordingly. 


containing enzyme extracts derived from strain I. Furthermore, 
the presence of C4-dTMP was not detected in the acid-soluble 
fraction of incubation mixtures containing enzyme extracts from 
strain I (Table VI, Assay II). This finding is consistent with the 
results of Barner and Cohen (15) who found that a similar thy- 
mine-requiring strain (strain 15T-) could not synthesize dTMP 
from deoxyuridylate, tetrahydrofolic acid, and radioactive for- 
maldehyde. Although the formation of thymidylic acid from 
deoxyuridine in wild type E. coli is known to oceur at the nucleo- 
tide level by the methylation of deoxyuridylic acid (14), the 
results of the present experiments cannot exclude the possibility 
of a direct methylation of deoxyuridine to thymidine in strain 
Il. 
DISCUSSION 

In the present study the capacity of cell-free extracts prepared 
from strains 15 and II to synthesize dTMP by two different 
pathways has been demonstrated. By means of one of these 
pathways (1) thymine is converted to dTMP. The other path- 
way (B) leads to the formation of dTMP from deoxyuridine, 
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presumably by the conversion of deoxyuridine to deoxyuridylate 
and subsequent methylation to form dTMP. Although the 
latter pathway appears to be absent in strain I, this organism 
possesses the capacity to synthesize (TMP from thymine. The 
phosphorylation of thymidine to dTMP and the incorporation of 
dTMP into DNA by extracts from FE. coli strain B have been 


reported (17, 18). 


The reactions studied for the formation of thymidine and ri- 
bosyl thymine from thymine in all likelihood proceed by trans- 
glycosylation as well as by phosphorolytic mechanisms. Both 
nucleoside phosphorylase (19) and transglycosidases (19-21) 
have been reported in extracts of EF. coli. Details of the mecha- 
nism by which these reactions proceed must await further purifi- 
eation of enzyme extracts and additional experiments with ribose 
1-phosphate and deoxyribose 1-phosphate. 

Studies by Zamenhof et al. (1, 3, 22) on the inhibition of growth 
of the bacterial strains used here by 5-bromodeoxyuridine and 
Aminopterin indicate that the major pathway for the synthesis 
of thymidine 5’-phosphate units of DNA in strain 15 proceeds 
via pathway B, whereas in strain I thymidine is an intermediate 
in the sequence of reactions leading to the biosynthesis of these 
units. The work of Crawford (5) on the incorporation of thy- 
mine-2-C™ into the DNA of various strains of F. coli, and the 
results of the studies of Price et al. (6), on whether or not phos- 
phorus of phosphate-P® traverses the metabolic pool of slowly 
renewed carbon-bound phosphate groups of 5’-ribonucleotides 
enroute to 5’-deoxyribonucleotides, are also compatible with the 
metabolic pathways proposed above. 

Our present studies show that enzymes needed for both path- 
ways 1 and B are present in strain 15 and in strain I], and sug- 
gest that enzyme extracts from strain II synthesize dTMP by 
pathway B less efficiently than extracts from strain 15. Thus, 
pathway B may be the major metabolic route actually operative 
for the synthesis of thymidylic acid in strain 15, whereas in strain 
II pathways A and B may be operational to approximately the 
same extent. Of course, the participation of other metabolic 
routes such as the deamination of 5-methyldeoxycytidine to thy- 
midine (23) should also be considered in the over-all scheme for 
the biosynthesis of dTMP in these microorganisms. 

The inability of strain 15 to incorporate significant amounts 
of exogenously supplied thymine-2-C™ into DNA (5) cannot be 
explained on the basis of a deficiency of enzymes necessary for 
the conversion of thymine to dTMP. No gross differences were 
found in the activity of enzyme extracts from the three strains 
investigated to utilize thymine for this purpose. Barring dif- 
ferences in permeability of the various strains to thymine, the 
answer to this question may reside in the intracellular control 
mechanisms which regulate and coordinate the enzyme activities 
of the cell and the concentrations of key intermediates. 

The attainment of an additional pathway for the synthesis of 
dTMP in strain II may represent a biochemical advantage to 
this strain which is lacking in strain I. Aside from the obvious 
advantage of being able to grow without exogenous thymine, it 
may be mentioned that the growth of strain II is not inhibited 
by ribonucleosides, whereas strain I, under similar experimental 
conditions, is inhibited by certain ribonucleosides, presumably 
by the removal of thymine in the form of “inert” thymine 
riboside (21). Strain II, as mentioned previously, may differ 
from the wild strain 15 in that pathways A and B may be opera- 
tional in vivo for the biosynthesis of dTMP, whereas only path- 
way B may be functional in strain 15. The existence of an 
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operational pathway A in the presence of thymine relieves in- 
hibition caused by antifolic agents (22) which occurs if only 
pathway B is functional. Thus, the entire mutational cycle, 
wild prototroph (15) — auxotroph (1) — reverse mutant (proto- 
troph II) may be, in certain conditions, of evolutionary advan- 
tage. 

The ability of enzyme extracts from all three strains to syn- 
thesize ribosyl thymine from thymine and the role of this inter- 
mediate in the metabolism of these organisms dare unknown at 
present. The question of whether the formation of ribosyl thy- 
mine represents a metabolic ‘‘dead end” for thymine or whether 
this compound is involved further in anabolic reactions remains 
to be answered. In support of the latter view, the natural occur- 
rence of thymine in the RNA of several microorganisms (24) as 
well as the formation of a ribothymidylic acid polymer from 
ribothymidine 5’-pyrophosphate by a bacterial polynucleotide 
phosphorylase (25) may be mentioned. The ability of bacterial 
extracts to convert ribosyl thymine to thymine ribonucleotides 
is currently being investigated. 


SUMMARY 


Studies with cell-free extracts prepared from Escherichia coli 
strain 15 and derivative mutant strains (strain I, a thymine 
auxotroph, and strain II, a reversion mutant of strain I to thy- 
mine independence) have shown that these extracts are able to 
catalyze the conversion of thymine-2-C' to radioactive inter- 
mediates which have been tentatively identified by paper chro- 
matography and electrophoresis as thymidine, ribosyl thymine, 
and thymidylic acid. 

An alternative metabolic pathway for the synthesis of thy- 
midyliec acid from deoxyuridine, tetrahydrofolic acid, and C'™- 
formaldehyde by enzyme extracts prepared from strain II has 
also been demonstrated. The possible evolutionary advantage 
of this reverse mutation has been discussed. In agreement with 
the findings of other investigators, enzymes necessary for the 
synthesis of thymidylic acid from deoxyuridine were not found 
in extracts derived from strain I but were shown to exist in crude 
extracts prepared from the parent strain 15. 
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In the course of an investigation on the metabolic function of 
guanosine diphosphate mannose (1), it was found that dialyzed 
yeast extracts catalyzed a magnesium-dependent liberation of 
inorganic phosphate from this nucleotide. Further experiments 
showed that this effect was due to the combined action of a nu- 
cleotide pyrophosphatase and phosphatases. The present paper 
reports studies on some properties of the pyrophosphatase and 
the stoichiometry of the reaction. Methods for the determina- 
tion of sugar phosphates in the presence of nucleotides and free 
sugars, and for the microscale fractionation of nucleosides and 
nucleotides were also developed. 


EXPERIMENTAL PROCEDURE 


GDP-mannose and UDP-acetylglucosamine were obtained as 
described previously (2) and further purified by chromatography 
on Whatman No. 17 paper with ethanol-ammonium acetate (3). 
The solvent at pH 7.5 was used for GDP-mannose and that at 
pH 3.8 for UDP-acetylglucosamine. A piece of Whatman No. 1 
paper was sewed to the thick paper in order to slow down the 
solvent flow. The paper was prewashed by descending chro- 
matography successively with 10°, sodium carbonate, distilled 
water, 2 N acetic acid, distilled water, 0.01 m EDTA,! and glass- 
distilled water. 

UDP-glucose, GDP, and GMP were obtained from the Sigma 
Chemical Company. DPN was purchased from the Nutritional 
Biochemicals Corporation. In the experiments with Dowex 1 
columns (see below), it was found that this sample of DPN was 
contaminated with about 20% of foreign ultraviolet-absorbing 
material. It was therefore purified by adsorption on a Dowex 1- 
formate column and elution with 0.05 N formic acid. After neu- 
tralization with ammonia, the liquid was evaporated and spotted 
as a band on a strip of Whatman No. 3MM paper. The am- 
monium formate was then eliminated by irrigating the paper 
with absolute ethanol, and the DPN was eluted with water. 

Synthetic mannose-1-P was a generous gift of Dr. A. Mitta of 
the Comisién Nacional de Energia Atémica. 

Paper chromatography of nucleotides, nucleosides, and purines 
was carried out on Whatman No. 3MM paper with ethanol-am- 
monium acetate, pH 7.5 (3). When it was desired to recover 
the substances, the paper used was previously washed as out- 
lined before. 


* This investigation was supported in part by a research grant 
(No. G-3442) from the National Institutes of Health, United 
States Public Health Service and by The Rockefeller Foundation. 

t Fellow of the Asociacién Argentina para el Progreso de las 
Ciencias. 

'The abbreviation used is: EDTA, ethvlenediaminetetraace- 
ate. 


final precipitate was dissolved in 0.5 ml of 0.3 N HCl. 


Paper electrophoresis of sugars was performed as reported 
previously (4). 

Phosphate was determined according to Fiske and SubbaRow 
(5) in a total volume of 1 ml and reducing sugar by the Somogyi- 
Nelson procedure (6, 7), but in a total volume of 2.5 ml. In 
both cases, the amounts of reagents were proportionally reduced. 

In all the incubations, the ‘‘zero time’’ reaction mixtures were 
incubated without substrate, which was added immediately 
before deproteinization. 


A. Determination of Mannose-1-P 


In order to determine mannose-1-P in the incubation mixture, 
it was necessary to separate it from nucleotides, and from reduc- 
ing substances that were present in the enzyme preparation. 
The former objective was accomplished by passing the solution 
through charcoal, and the latter by precipitating the phosphoric 
ester as the barium salt. The procedure was as follows: the 
reaction mixture was brought to 0.6 ml with water and heated 
during 3 minutes at 100°. The coagulated protein was centri- 
fuged off for 5 minutes at 25,000 x g and washed twice with 0.2 
ml of water each time. The supernatant liquid, previously 
brought to pH ~ 5 with 1 M acetic acid, and the washings were 
transferred consecutively to a column, 4 mm in diameter, con- 
taining a mixture of 30 mg of Norit A and 30 mg of Hyflo Super 
Cel. Then 0.5 ml of 0.05 mM NaOH was added to the column. 
When magnesium ions were present in the reaction mixture, it 
was found necessary to add 0.01 m EDTA to the NaOH solution 
in order to ensure the quantitative elution of the phosphoric 
ester. To the combined eluates, collected in a 13 * 100-mm 
tube with a mark at 2.5 ml, the following additions were made: 
0.14 ml of 0.5 M glycine buffer, pH 10, 0.04 ml of 0.5 mM sodium 
B-glycero-P, 0.08 ml of 1 M barium acetate, and 5.4 ml of cold 
96% ethanol. After less than 45 minutes at 0°, the flocculent 
precipitate started to settle, leaving a clear supernatant fluid. 
It was then centrifuged off at 1700 x g for 10 minutes. The 
ester was reprecipitated twice in the same fashion by redissolv- 
ing it in 0.4 ml of a solution of glycine, pH 10, 0.04 m, and 
barium acetate, 0.05 mM, and adding 3 volumes of ethanol. The 
After 
heating for 15 minutes at 100°, 1 drop of bromthymol blue was 
added and the solution was neutralized with NaOH. The re- 
ducing power of the solution was then determined. 

Both steps have resulted in a quantitative recovery of the 
esters, with amounts ranging from 0.05 to 0.2 umole. As much 
as 0.5 umole of nucleotide and 10 wmoles of glucose did not 
interfere with the determination. The glycero-P was added as 
a carrier, in order to ensure the complete precipitation of the 
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ester, but in a few more recent experiments, a quantitative re- 
covery of the sugar ester was obtained without adding carrier. 

The procedure cannot be applied as such to mixtures contain- 
ing UDP-glucose because this nucleotide is partly eluted from 
the charcoal by the NaOH solution. 


B. Determination of Nucleosides and Nucleotides 


The changes in concentration of the different ultraviolet- 
absorbing compounds during incubation were measured after 
separating them on anion exchange resin columns. The proce- 
dure is given in some detail since much time can be saved by 
following the directions closely. The resin used was Dowex 1- 
X4-formate. The columns were 4 mm in diameter and 14 cm 
long with a 2-ml bulb at about 1 cm from the upper end. First, 
a small plug of synthetic plastic foam (Telgopor) was pushed 
down to the bottom of the column, followed by a slurry of the 
resin, until a resin bed about 2.3 cm high was obtained. A 
small wad of cotton was placed on top of the resin. Eluent, 
2 ml at a time, was added and was allowed to percolate by 
gravity. In order to push through the last few drops, a slight 
pressure was applied through a manifold with a rubber bulb 
with constant pressure reservoir. The flow rate was regulated 
to give a 2 ml] fraction every 20 to 30 minutes, by adjusting the 
Telgopor plug with a convenient pressure. Up to 8 columns were 
run at the same time. The absorbancy of each fraction was 
measured at 260 my and the content in ultraviolet-absorbing 
substance was calculated with the appropriate absorbancy index. 
The columns could be reused after washing with 3 ml of 4 mM 
ammonium formate, followed by distilled water. 

Before chromatography, the reaction mixture was brought to 
1 m! with water and heated for 3 minutes at 100°. After centrif- 
ugation for 10 minutes at 15,000 x g, the precipitate of coagu- 
lated protein was washed with 0.5 ml of water. The combined 
supernatant liquids were then passed through the column. The 
formic acid-ammonium formate eluting system was similar to 
that used by Bergkvist (8) and varied according to the mixture 
to be separated as described below. The columns worked satis- 
factorily with as much as | wmole of total nucleotide. 

For paper chromatography, the nucleotide eluates were evap- 
orated in a vacuum, and most of the ammonium formate was 
eliminated in an evacuated desiccator over sulfuric acid and 
sodium hydroxide. The residue was taken up in water and 
chromatographed. The fractions containing nucleosides were 
instead evaporated to dryness and redissolved in 1 ml of water. 
Then, 3 ml of 96% ethanol were added in order to precipitate 
material, probably of polysaccharide nature, that interferes with 
the subsequent chromatography, and the tubes were left over- 
night in the refrigerator. After centrifugation, the supernatant 
fluids were evaporated and spotted on paper. 

Separation of Guanosine, Xanthine, GMP, and GDP-mannose— 
(See Tables II and III). After the sample was percolated, the 
column was washed with 3 ml of 0.05 m formic acid. The 
combined fractions contained guanosine and xanthine. After 
a washing with 1 ml of water, GMP was eluted with 14 ml (7 
fractions) of 0.25 M ammonium formate in 0.1 Mm formic acid. 
The GMP usually came out in the third, fourth, and fifth frac- 
tion. GDP-mannose was then eluted with 2 ml of 1 M am- 
monium formate in 0.1 mM formic acid. 

Recently, it has been found (Table V) that it is possible to 
separate guanosine from xanthine. The former can be recovered 
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in the percolated material plus 3 ml of water, and the latter can 
then be eluted with 2 ml of 0.05 m formic acid. 

Separation of Uridine, UMP, and UDP-glucose or UDP-acety- 
glucosamine (see Table I1V)—The eluting solutions were: (a) for 
uridine, same as used before for guanosine; (6) for UMP, 8 ml 
of 0.1 M ammonium formate in 0.1 M formic acid; (c) for UDP- 
glucose or UDP-acetylglucosamine, 2 ml of 0.5 M ammonium 
formate in 0.1 m formic acid. 

Separation of Adenosine, DPN and AMP (see Table IV)—The 
eluting solutions were: (a) for adenosine, 5 ml of water, which 
was pooled with the first percolate; (6) for DPN, 8 ml of 0.05 
M formic acid; (c) for AMP, 4 ml of 0.25 mM ammonium formate 
in 0.1 mM formic acid. When nicotinamide mononucleotide was 
present, it was probably eluted together with DPN. This could 
not be confirmed for lack of an appropriate standard. 

Separation and Estimation of Adenosine, Guanosine, Xanthine, 
DPN, AMP, GMP, and GDP-mannose (see Table V)—The first 
percolate, followed by 5 ml of water, contained adenosine and 
guanosine. The content of each was calculated from the ab- 
sorbancy at 260 and 280 my, in the manner described by Loring 
(9). Xanthine and DPN were eluted with 8 m1] of 0.05 m formic 
acid. The first fraction contained all the xanthine, and its con- 
centration was calculated from the absorbancy at 290 my in 
alkaline solution (10), where DPN does not absorb. This value 
was used to correct the amount of DPN. The next eluent was 
0.1 M ammonium formate in 0.1 m formic acid (6 ml), which 
displaced AMP; GMP was then eluted with 10 ml of 0.25 » 
ammonium formate in 0.1 M formic acid, and GDP-mannose 
with 2 ml of 1 M ammonium formate in 0.1 M formic acid. 


C. Enzyme Preparation 


Saccharomyces cerevisiae Was grown in a medium of 2% glucose 
and 2% peptone with aeration for 30 hours at 30°. The cells 
were collected by centrifugation, washed twice with water, and 
lyophilized. 

Lyophilized yeast, 5 g, was ground vigorously for 20 minutes 


TaBLeE [ 
Liberation of inorganic phosphate from various nucleotides 

The reaction mixture contained 8.3 mm EDTA, 83 mm Tris- 
maleate buffer at pH 8.1, 50 mm MgSOg,, plus 0.03 ml of enzyme, 
1 mg of yeast mannan,* and varying amounts of substrate. Total 
volume, 0.06 ml. After incubation at 30°, the tube contents were 
brought to 0.2 ml with water, and 0.2 ml of 10% trichloroacetic 
acid were added. After centrifugation, inorganic phosphate was 
measured in the supernatant fluid. 


Substrate | AP; 
pumoles | hours pmole 
Experiment 1 
0.2 1 0.066 
Experiment 2 
GDP-mannoee.................. 0.2 2 0.093 
GDP-mannose, minus Mg**.....' 0.2 2 0 
0.1 2 0 


*In other experiments, the mannan was omitted without 
change in the results. 
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TaBLeE II 
Effect of various conditions on reaction products 
The complete system contained 5 mm GDP-mannose, 100 mm 
Tris buffer, 10 mm EDTA, 40 mm MgS0QO,, and 0.04 ml of enzyme. 
Total volume, 0.1 ml. After 1 hour of incubation at 30°, the reac- 
tion mixture was deproteinized and analyzed by chromatography 
on Dowex 1 columns, as explained in ‘‘Experimental Procedures.”’ 


Reaction mixture A GMP 
pH umole umole pmole 
Experiment 1* ‘ 
7.4.) +0.15 0 —0.145 
Complete minus Mg**... 7.4 | +0.06 0 —0.065 
Complete minus + 
umole of EDTA......| 7.4 | +0.01 0 —0.03 
Experiment 2 
7.4 | +0.098 0 —0.097 
8.1 | +0.113 +0.062 | —0.175 
Complete + 5 umoles of 
B-giycero-P............ 8.1  +0.045 | +0.045 | —0.104 
Experiment 3 
8.1 | +0.077 | +0.077 | —0.185 
8.5 | +0.080 | +0.074 | —0.185 
Complete + 5 umoles of 
B-glycero-P............ 8.5 | +0.023 | +0.072 —0.158t 


* In this experiment, EDTA was omitted, except where other- 
wise stated. 

+t This abnormally high value was apparently due to experi- 
mental error, since it was not repeated in similar experiments 
(see Table IIT). 


ina precooled mortar, placed in a freezer at —10°. The follow- 
ing operations were carried out at 0-2°. The mass of broken 
cells was carefully blended with 20 ml of 0.05 m Tris-maleate 
buffer, pH 7.5, containing 10-3 m EDTA, and centrifuged for 15 
minutes at 25,000 x g. The very turbid supernatant liquid 
was dialyzed for 3 hours against 10-* m EDTA (two changes of 
2 liters each), and then centrifuged for 1 hour at 100,000 x g. A 
loose pellet was found at the bottom of the tube and a fat layer 
at the top. The clear supernatant fluid inbetween was sucked 
out with a Pasteur pipette and used as enzyme. In some of the 
early experiments, the centrifugation at 100,000 x g was omitted. 


RESULTS 


Taberation of Inorganic Phosphate—Table I shows the libera- 
tion of inorganic phosphate from GDP-mannose, GDP, and 
GMP. The result with the last compound suggested that GDP- 
mannose might be cleaved through the action of a pyrophospha- 
tase, and the GMP thus set free would be hydrolyzed by a phos- 
phatase. Mannose-1-P was not dephosphorylated under these 
conditions. It can also be seen in Table I that magnesium ions 
are necessary for activity. 

Effect of pH and B-Glycerophosphate on Reaction Products—The 
products obtained by incubation at different pH values were 
examined by anion exchange chromatography. The results ap- 
pearin Table II. It can be observed that at pH 7.4, only guano- 
sine was found, whereas at higher pH values, part of the decom- 
posed GDP-mannose was recovered as GMP. The GMP to 
guanosine ratio reached a plateau at pH 8.5, but it could be 
further increased by adding §-glycero-P, even though the total 
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TaBLe III 
Stoichiometry of reaction 


Each 0.1 ml of the reaction mixture contained 5 mm GDP- 
mannose, 100 mM Tris at pH 8.5, 10 mw EDTA, 40 mm MgSO,, 50 
mM sodium @6-glycero-P, and 0.04 ml of enzyme. After incubation 
for 1 hour at 30°, the reaction mixture was deproteinized by heat- 
ing, and aliquots were analyzed for nucleotides, nucleosides and 
mannose-1-P as described in ‘‘Experimental Procedures.’’ The 
A values refer to 0.1 ml of reaction mixture. 


Ex- 
oO. 
umole umole umole umole | umole 
1 | +0.043 (cor- | +0.081 +0.124 (cor-  —0.14 
rected, * rected,* | 
+0.053) +0.134) 
2 | +0.037 (cor- | +0.080 +0.117 (cor- —0.104 +0.10 
rected,* rected,* 
+0.046)  +0.126) 


* The values were corrected for the presence of xanthine, as 
explained in text. 


disappearance of GDP-mannose was somewhat inhibited. In 
the absence of magnesium, the decomposition of GDP-mannose 
was diminished, and the further addition of EDTA inhibited the 
reaction completely. 

Stoichiometry of Reaction—Table III shows the equivalence 
between the amount of GDP-mannose that disappeared and 
those of “guanosine”? plus GMP and of mannose-1-P that were 
formed. All the mannose was substituted in position 1, since 
no reducing power was found before acid hydrolysis. The in- 
dividual peaks obtained from the Dowex columns were submitted 
to paper chromatography: those of GDP-mannose and of GMP 
gave each a single ultraviolet-absorbing spot, with the same R- 
value as the corresponding nucleotide. GMP was further char- 
acterized from the ultraviolet absorption spectrum. The 
‘“‘guanosine”’ fraction gave two spots on paper, one of which 
corresponded to authentic guanosine, and the other to guanine? 
or xanthine. After elution from the paper, the spectrum of 
this substance was found to be identical to that of xanthine 
(10). In a separate experiment, the ratio of guanosine to xan- 
thine was found to be approximately 1:1 by measuring the 
ultraviolet absorption of the spot eluates at 260 mu. This ratio 
was used to correct the ‘‘guanosine’’ value obtained in the 
stoichiometry experiment (see Table III). 

An aliquot from Experiment 1 of Table III was submitted to 
paper chromatography, with the result shown in Fig. 1. Spots 
corresponding to GMP, GDP-mannose, guanosine, and xanthine 
were observed in the strip of the incubation mixture. The strip 
containing the standards was revealed for phosphate compounds. 
The zones corresponding to mannose-1-P were cut out from the 
strips of the incubated and zero time mixtures and eluted with 
water. After heating for 15 minutes in 0.4 N HCl and passing 
through a column of Amberlite MB-3 resin in the acetate form, 
the liberated sugars were submitted to paper electrophoresis. 
The incubated mixture gave a spot with the same mobility as 
mannose, which was absent in the zero time mixture. 


2 Guanine was reported to give an Ry of 0 in the solvent used 
(3). In the present work, both the free base and the hydrochlo- 
ride gave an Rguanosine Of 0.85. 
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Fic. 1. Aliquots (0.2 ml) of the incubated and zero time reac- 
tion mixtures of Table III were brought to 0.3 ml with water and 
deproteinized with an equal volume of 10% trichloroacetic acid. 
After centrifugation, the precipitate was washed with 0.3 ml of 
5% trichloroacetic acid. The combined supernatant fluids were 
extracted 4 times with 2 ml of ether. Then 0.5 ml of water and 
2.6 ml of ethanol were added, and the tubes were left in the re- 
frigerator overnight. The precipitate was centrifuged off and 
the supernatant liquid was evaporated and spotted on paper. 
The solvent was ethanol-ammonium acetate at pH 7.5 (3). After 
chromatography, the substances were located by examination 
under ultraviolet light. Mannose-1-P (M-1-P) was revealed ac- 
cording to Bandurski and Axelrod (11). Impurities present in 
the enzyme preparation retarded somewhat the movement of the 
solvent in the reaction mixture lanes compared to that of the 
standard substances. Therefore, the GDP-mannose (GDPM) 
spot was taken as reference in order to locate the bands (M), to 
be cut out for the identification of mannose-1-P. The Rp values 
of guanosine (G) and xanthine (X) relative to GDP-mannose 
were the same for the standards and the incubated reaction mix- 
ture. The position of the xanthine band, outlined by broken 
lines in the standard substances lane, was ascertained in another 
experiment. The faint bands marked ‘‘x’’ were presumably due 
to substances present in the enzyme preparation. 


t=0 


In another experiment, guanosine was incubated with the en- 
zyme under the conditions outlined in Table III, the “nucleo- 
sides + purines’’ fraction was obtained from the Dowex 1 col- 
umn and chromatographed on paper. In addition tothe residual 
guanosine spot, a new one appeared which had the same Ry and 
spectrum as xanthine. 

Activity on Different Substrates—The enzyme preparation used 
exhibited pyrophosphatase activity towards UDP-glucose, DPN, 
and UDP-acetylglucosamine, decreasing in that order (Table 
IV). When both GDP-mannose and DPN were present in the 
incubation mixture, the disappearance of each substrate was 
about half of that obtained with the individual nucleotides, as 
it can be seen in Table V. In a simultaneous experiment DPN 
was found to inhibit the formation of mannose-1-P from GDP- 
mannose about 60%. 

In the experiments of Tables IV and V, the ‘‘adenosine”’ and 
“uridine” fractions were not further characterized and might 
partly consist of ulterior metabolic products, as it was found to 
be the case with the “guanosine”’ peak of Tables II and III. 


Nucleotide Pyrophosphatase of Yeast 
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TaBLe IV 
Pyrophosphatase activity on different substrates 

The reaction mixture contained 5 mM substrate, 100 mM Tris at 
pH 8.5, 10 mm EDTA, 40 mm MgsSO,, 50 mM sodium £-glycero-P, 
and 0.04 ml of enzyme. Total volume, 0.1 ml. After incubation 
for 1 hour at 30°, the reaction mixture was deproteinized by heat. 
ing and analyzed for nucleosides and nucleotides as described in 
‘‘Experimental Procedures.’’ 


Substrate A Nucleoside* | 
umole 
UDP-acetylglucosamine.............. +0.016 +0.013 


* Uridine for UDP-glucose and UDP-acetylglucosamine, adeno- 
sine for DPN. 

+t UMP for UDP-glucose and UDP-acetylglucosamine, AMP 
for DPN. 


DISCUSSION 


The stoichiometric results shown in Table III and the identifi- 
cation of the reaction products leave little doubt that the pri- 
mary attack on GDP-mannose is mediated by a pyrophospha- 
tase, thus liberating GMP and mannose-1-P. The participation 
of GDP-mannose pyrophosphorylase (12) can be excluded for 
several reasons, 2.e. (a) no GTP or GDP was found among the 
reaction products, (b) the enzyme had been dialyzed and no 
PP; was added to the incubation mixture, (c) yeast extracts 
contain an active PPjase (13), that would have destroyed rapidly 
any residual pyrophosphate, and (d) GDP-mannose pyrophos- 
phorylase was almost completely inactive in the dialyzed ex- 
tracts used.$ 

The fact that the enzyme preparation was active on a number 
of other nucleotides does not warrant a conclusion on the question 
whether one or several enzymes are responsible for this activity. 
The mutual inhibition observed between GDP-mannose and 
DPN may be taken as indicating that a single enzyme catalyzes 
the decomposition of both. Presumably, the cleaving of DPN 
by our preparation is catalyzed by the same enzyme, of which 
the presence in yeast was reported by Schrecker and Kornberg 
(14). 

The formation of xanthine may be explained by the successive 
action on guanosine of a nucleosidase (15) and guanase (16). 
Only xanthine was found when the substrate was either GDP- 


3H. Carminatti, and E. Cabib, unpublished observation. 


TABLE V 
Mutual inhibition between GDP-mannose and DPN 
The reaction mixture contained 5 mM substrate, 100 mm Tris at pH 8.5, 10 mm EDTA, 40 mm MgSO,, 50 mM sodium #-glycero-P, 


and 0.04 ml of enzyme. Total volume, 0.1 ml. 


After incubation for 2 hour at 30°, the reaction mixture was deproteinized by heating 
and analyzed for xanthine, nucleosides, and nucleotides as described in ‘‘Experimental Procedures.’’ 


A(G ine. 
Substrate | A Guanosine | A Xanthine A GMP | xanthine decom A Adenosine! AAMP /4 oo ADPN 
pmole umole umole | umole umole umole umole umole pmole 
+0.064 +0.050 +0.077 +0.191 —0.210 
GDP-mannose + DPN............ +0.031 +0.049 +0.017 +0 .097 | —0.105 +0.041 +0.007 +0.048 —(0.046 
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mannose or guanosine, and therefore it may be assumed that 
the hydrolysis of the nucleoside is the rate-determining step. 

The microscale separation of nucleosides and nucleotides on 
jon exchange columns although perhaps too laborious for a rou- 
tine procedure, is rewarding in the amount of information it 
provides (see for instance, Table V) and may be easily adapted 
to different cases. 


SUMMARY 


Dialyzed yeast extracts were found to catalyze the magnesium- 
dependent liberation of inorganic phosphate from guanosine 
diphosphate mannose. This effect was shown to be due to the 
combined action of a nucleotide pyrophosphatase and a phospha- 
tase. The activity of the first enzyme could be demonstrated 
by working at high pH and in the presence of glycerophosphate, 
whereby the phosphatase was partially inhibited. The extracts 
also catalyzed the cleaving of uridine diphosphate glucose, uridine 
diphosphate acetylglucosamine, and diphosphopyridine nucleo- 
tide. 

A method for the determination of sugar phosphates in the 
presence of nucleotides and free sugars and a procedure for the 
microscale separation of several nucleosides and nucleotides on 
anion exchange columns are presented. 
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The early studies of Fountain et al. (1) demonstrated clearly 
that injected amethopterin! persists in certain mouse tissues such 
as liver and kidney for periods up to 8 months. The suggestion 
was made by these authors and by others (2, 3) that this retention 
was due to binding of the drug to an enzyme, perhaps one in- 
volved in the conversion of folate to tetrahydrofolate. Such 
prolonged retention implies an exceptionally tight binding which 
might be observable in vitro. 

This paper describes experiments which demonstrate that the 
agent which binds amethopterin and related 4-amino derivatives 
of folic acid is the enzyme folic acid reductase and that this bind- 
ing is specific and exceedingly tight. A preliminary report of a 
portion of this work has appeared elsewhere (4). 


METHODS AND MATERIALS 


Chemicals—Folic acid, obtained from Nutritional Biochemicals 
Corporation, was purified by repeated precipitation with dilute 
acetic acid to remove diazotizable amine. Amethopterin (99% 
purity) was a gift from the Calco Chemical Division, American 
Cyanamid Company. Chromatographically pure aminopterin- 
2-C' was a gift of Dr. L. L. Bennett, Southern Research Institute. 
3,3-Dimethylglutaric acid was obtained from Aldrich Chemical 
Company, Inc. TPNH was prepared enzymatically from com- 
mercial TPN (Sigma Chemical Company) with glucose 6-phos- 
phate and glucose 6-phosphate dehydrogenase (5). 

Animals—Mature Holtzman rats, AKR mice, and guinea pigs 
from a commercial source were used. | 

Homogenization and Cell Fractionation—To obtain intestinal 
mucosa, the entire small intestine was taken, cut into 6- to 8-inch 
sections, and the contents extruded by applying a slight sliding 
pressure with the back of a spatula. The mucosa was then 
separately extruded with increased pressure on the spatula. 


During the cleaning and harvesting procedure, the intestinal ° 


section was kept cold on an inverted tray of ice cubes. Other 
tissues were minced with scissors. 

All tissues were homogenized with a Teflon glass Potter-Elve- 
hjem homogenizer in 0.25 Mm sucrose solution containing 0.001 m 
EDTA? and adjusted to pH 8. The supernatant fraction was 
obtained by centrifuging for 40 minutes at 40,000 r.p.m. in the 
No. 40 rotor of the Spinco ultracentrifuge or for 2 hours at the 


* This work was supported in part by a grant, No. C-3563, from 
the National Cancer Institute, National Institutes of Health, 
United States Public Health Service. 

1 Folie acid is pteroylglutamic acid. Aminopterin and ame- 
thopterin are 4-amino-pteroylglutamic acid and 4-amino-10-meth- 
ylpteroylglutamic acid, respectively. 

2 The abbreviation used is: EDTA, ethylenediaminetetraace- 
tate. 


full speed of the high speed attachment of the refrigerated Inter- 
national centrifuge, model PR-2. Subcellular fractions were ob- 
tained from the homogenate by the procedure of Duve et al. (6). 

Assay Procedures—Glucose 6-phosphate dehydrogenase was 
determined with the assay conditions of Glock and McLean (7) 
followed by dilution of the reaction mixture with 0.01 N NaOH 
containing 0.002 m EDTA and measurement of the native fluo- 
rescence of TPNH with the Farrand fluorometer (8). 

The procedure of Zakrzewski (5) for the assay of folic acid 
reductase in chicken liver preparations was unsatisfactory for 
rat liver, which catalyzed an interfering nonspecific oxidation of 
TPNH in the absence of folate. Adjustment of the pH to 6.1 
and addition of citrate and Mgt*+ allowed endogenous isocitrate 
dehydrogenase to regenerate TPNH. The incubation mixture 
included 40 mumoles of folate, 10 mumoles of TPNH, 5 pmoles 
of citrate, 5 wmoles of MgCle, 50 umoles of dimethylglutarate 
buffer, pH 6.1, and rat liver supernatant fraction, in a total 
volume of 0.5 ml. Assay for diazotizable amine, quantitatively 
derived from tetrahydrofolate under the conditions of the experi- 
ment, was performed as described by Zakrzewski (5) with the 
Bratton-Marshall reagents (9). 

This procedure was satisfactory for liver and kidney superna- 
tant preparations but not for either intestinal mucosa or Walker 
256 rat carcinosarcoma. For these tissues, MnCl. (2 umoles) 
replaced MgCl, for the activation of endogenous isocitric dehy- 
drogenase, and nicotinamide (50 wmoles) was present to inhibit 
TPNase. The presence of nicotinamide resulted in 35 to 40% 
inhibition of the activity of the liver and kidney enzymes. 

For all tissues reported, activity was directly proportional to 
enzyme concentration and to time of incubation up to 200 min- 
utes, provided in each case that the amount of product formed 
was less than 5 mumoles in the 0.5 ml incubation mixture. 

For measurement of radioactivity, aliquots (0.3 ml) of solutions 
(all of identical solute content) were plated on lens tissue circles 
in stainless steel planchets ahd counted in a windowless flow 
counter. Sufficient counts were accumulated to reduce the 
error to less than 10% in unfavorable cases and less than 3% 
otherwise. This necessitated in some instances the accumula- 
tion of 16,000 counts. 

Amethopterin was determined by microbial assay. Turbidi- 
metric measurements of the growth of Streptococcus faecalis 
(ATCC 8043) were made after incubation for 20 hours at 37° 
in 5 ml of assay medium (10) containing 2 mug of folate per ml. 
Samples of amethopterin and amethopterin-containing unknowns 
were serially diluted in the proportion 1:1.25 (4 parts sample + 
1 part water) anda standard volume of each dilution was added to 
the assay tubes. An inhibition of 50% was obtained with 0.2 
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Fia. 1. Inhibition by amethopterin of folic acid reductase in 
rat liver supernatant. Incubation for 20 minutes at 37°. 
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Fic. 2. Inhibition by aminopterin of folic acid reductase in rat 
liver supernatant. Incubation for 20 minutes at 37°. 


mug of amethopterin per ml of assay medium. Large amounts 
of folate in this system reverse the inhibition by amethopterin. 
In such cases, the drug was separated from the metabolite by 
paper chromatography (11) and then assayed as described above. 


EXPERIMENTAL PROCEDURE AND RESULTS 


Inhibition of Folic Acid Reductase—Amethopterin and related 
compounds strongly inhibit folic acid reductase (12-14) and di- 
hydrofolic acid reductase (13, 15, 16). The inhibition of folic 
acid reductase is proportional to the amount of amethopterin 
present (Fig. 1) which suggests that the enzyme is being titrated 
by the drug. This conclusion is confirmed by a study of activity 
as a function of enzyme concentration at constant aminopterin 
concentration (Fig. 2), a technique suggested by Ackermann and 
Potter (17) to detect “irreversible” inhibition of enzymes. Sim- 
ilar results were obtained with amethopterin, 3’ ,5’-dichloro- 
amethopterin, and formylaminopterin.’ Precisely identical 
molar equivalents of each of these compounds were required to 
inhibit a specific amount of enzyme. It is apparent that enzyme 


* Aminopterin was formylated in 98% formic acid in 30 minutes 
at room temperature. N?!°-Formylaminopterin was precipitated 
by addition of acetone. The product was washed with acetone 
and dried. On chromatography, no aminopterin was found; the 
formyl derivative was a highly fluorescent compound. 


W.C. Werkheiser 889 


and any of the 4-amino analogues of folic acid may be stoichio- 
metrically titrated against each other. From Figs. 1 and 2, it 
was calculated that the supernatant fraction from 1 g of rat liver 
was inhibited by 0.98 mumole of amethopterin and by 0.97 mu- 
mole of aminopterin. 

Intracellular Localization of Amethopterin—Two rats were 
given intraperitoneal injections of amethopterin (33 mg per kg 
of body weight), and after 16 hours, the animals were killed. 
The livers were homogenized and subjected to fractionation 
by differential centrifugation (6). Table I presents the distri- 
bution in the several fractions of amethopterin and of glucose 6- 
phosphate dehydrogenase, an enzyme characteristic of the super- 
natant fraction. The bulk of the drug was contained in the 
supernatant fraction, although small discrepancies between the 
distribution of drug and enzyme suggest a slight degree of ad- 
sorption to some of the particulate fractions. 

A portion of this supernatant fraction was dialyzed three times 
for 24 hours at 4° against 1,000 volumes of 0.25 m sucrose solution. 
By microbial assay, about 15% of the drug was lost under these 
conditions (Table II); there remained 0.99 mumole of amethop- 
terin per g of liver. Another portion was dialyzed for 48 hours 
against 1,000 volumes of sucrose containing 2 umoles of folate 
per ml (10,000 times the amethopterin concentration in the super- 
natant) and then dialyzed three times for 24 hours against 1,000 
volumes of sucrose to remove folate. Aliquots of this solution 
were then chromatographed with and without added amethop- 


TABLE | 
Distribution of injected amethopterin in rat liver 


Fraction Amethopterin* 
mumoles/g liver | % of total % of total 

Homogenate........ 1.43 | 100 100 
Mitochondrial....... 0.106 | 7.4 | 0.3 
Lysosomal.......... 0.040 | 2.8 | 0.2 
Microsomal......... 0.104 — 7.3 3.3 
Supernatant. ....... 1.14 | 80 102 


* Determined by microbial assay. 


TABLE II 


Dialysis of liver supernatant fraction from rats given 
injections of amethopterin 


Amethopterin* 


mumoles/g liver 


Dialyzed 3 times against 1000 volumes of 0.25 — 


Dialyzed against 1000 volumes of 0.25 m su- | 
crose containing folate (2 X m), then 
dialyzed 3 times against 1000 volumes of | 


* Determined by microbial assay. ‘ 

t Folie acid reductase activity could not be demonstrated in 
this material. Passage over Dowex 1-Cl partially restored ac- 
tivity. 

t Residual folate separated by paper chromatography. 
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TaBLeE III 
Effect of folate on dialyzability of aminopterin-2-C™ in presence of rat liver supernatant fraction 
Samples were dialyzed against 100 volumes of 0.25 m sucrose containing folate as indicated, then against 100 volumes of 0.25 w su- 


erose. 

| Experimental conditions | Enzyme activity Radioactivity 
Dialysis Folate | O.D.»s60 | Activity restored c.p.m. in 0.2 ml | 
| M | | 

1 | — | a None | 0.349 | 

2 | + — (— )0.013 | 70.3(+0.9)* 

3 + + None (— )0.006 0 30.47 (+0.7) 

4 + + 2 xX 10°77 (— )0.002 | 0 30.0(+0.5) 0 

5 + + 2x 10-3 (—)0.012 0 29.4(40.5) 0 

6 2X 103 0.297 | 85 4.5(40.3) 85 


* The figures in parentheses represent the standard error. 


+ This amount is equivalent to 1.01 + 0.03 mymole of aminopterin bound per g of liver. 


terin in order to remove residual folate. The added amethop- 
terin, in an amount similar to that originally present in the en- 
zyme solution, was easily detected by microbial assay. No 
amethopterin could be detected in the sample. 

Further Dialysis Studies—The previous study showed that 
amethopterin administered in vivo is tightly bound to a compo- 
nent (or components) in the supernatant fraction of rat liver 
homogenate. It was of interest to make a similar study in vitro. 
In this case, a 2-fold excess of aminopterin-2-C™ was added to a 
portion of supernatant fraction from pooled normal rat livers. 
Aliquots were dialyzed for 48 hours at 4° against 100 volumes of 
0.25 M sucrose solution containing folate, as indicated in Table 
III, and then for 24 hours against 100 volumes of 0.25 m sucrose 
to reduce the folate concentration to levels suitable for the en- 
zymeassay. After dialysis, radioactivity and folic acid reductase 
activity in the sac contents were measured. The bound aminop- 
terin, represented by the radioactivity remaining after dialysis 
in the absence of folate (30 c.p.m.), was equivalent to 1.01 my- 
moles per g of liver. Only the highest concentration of folate 
employed, 2 X 10-3 M, was effective in displacing the aminop- 
terin. In this instance, the fraction of the bound drug displaced 
(85%) was equal to the fraction of the enzyme activity restored 
(Table ITI). 


5 
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HOURS 
Fig. 3. Loss of aminopterin-C!4 and recovery of folic acid reduc- 
tase during dialysis. ---, dialysis in absence of folate; ——, 


dialysis in the presence of 10-* m folate; I, +2 standard errors of 
the measurement of remaining radioactivity; @, percentage of 
the enzyme still inhibited. 


In order to study this phenomenon more closely, the rate of 
loss of radioactivity and gain of enzyme activity with dialysis 
was measured. In this case an exactly calculated equivalent of 
C'4-aminopterin was added to the liver supernatant and aliquots 
were dialyzed at 4° against 0.25 m sucrose or 0.25 M sucrose con- 
taining 10-* m folate. At intervals, samples were taken and 
assayed for radioactivity and enzyme activity by the standard 
procedure. From the enzyme activity at each point was cal- 
culated the fraction of the enzyme still inhibited. It may be 
seen in Fig. 3 that aminopterin is slowly lost on dialysis against 
the plain sucrose solution, although at a very slow rate. The 
half-time for the loss of drug, in this case about 150 hours, varied 
from 120 to 360 hours in other experiments. Enzyme activity, 
absent at the beginning of this dialysis, progressively reappeared 
as dialysis proceeded (not indicated on the top curve of Fig. 3). 
The extent of recovery under these conditions was variable and 
less than predicted from drug loss. Thus, drug loss in the ab- 
sence of folate is mainly, if not completely, a reversible dissocia- 
tion of the drug-protein complex. Dialysis against folic acid 
resulted in good agreement between drug loss and enzyme re- 
activation at a rate six times greater than in the absence of folic 
acid (Fig. 3). Therefore, although the enzyme is stoichiometr- 
eally inhibited by aminopterin, this inhibition is reversible even 
in the absence of folic acid. In the presence of folic acid, the 
enzyme may be quantitatively regenerated. 

Activity and Inhibition of Enzyme from Other Tissues and Other 
Animals—From the preceding data, it was concluded that 
aminopterin and amethopterin are specifically bound to the en- 
zyme folic acid reductase and that this binding results in stoi- 
chiometric inhibition of the enzyme. Titration of the enzyme by 
the drug therefore yields the number of drug-binding sites present 
and thus the concentration of the enzyme expressed in drug 
equivalents. Because both concentration and activity of the 
enzyme can be determined, a turnover number may be calculated. 

The activity and amount of folic acid reductase present in the 
high speed supernatant of homogenates from liver, kidney, and 
intestinal mucosa of the rat, mouse, and guinea pig, and from 
the Walker 256 carcinosarcoma grown in the rat were measured. 
The results are shown in Table IV. Although there were signif- 
cant differences both in total amount, activity, and turnover 
number of the various preparations, no consistent pattern can be 
seen. In particular, it seems clear that the remarkable resistance 
of the guinea pig to amethopterin toxicity (18) cannot be ex 
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plained by the activity of folic acid reductase in the tissues 
studied. 


DISCUSSION 


Stoichiometric Inhibition—It will be convenient to define in- 
hibition of the type shown in Figs. 1 and 2 as “stoichiometric.” 
Inhibition of this type has been treated by Straus and Goldstein 
(19), Goldstein (20), Ackermann and Potter (17), Lowry (21), 
and Reiner (22). Stoichiometric inhibition is characterized by 
the fact that the apparent dissociation constant of the enzyme- 
inhibitor complex is small* compared to the enzyme concentra- 
tion and thus, at concentrations of inhibitor inadequate to cause 
complete inhibition of the enzyme, practically all of the inhibitor 
in enzyme-bound. Inasmuch as in the treatment of inhibition 
given by Lineweaver and Burk (23) it is assumed that all inhibi- 
tor is free, these classical equations are not appropriate for stoi- 
chiometric inhibition. Instead, the following equation is ap- 
plicable for all types of stoichiometric inhibition: 


1 1 1 K, 
E 


in which £ is the concentration of inhibitor-binding sites on the 
enzyme and J the total concentration of inhibitor.’ This equa- 
tion is formally similar to the common equation describing non- 
competitive inhibition in that the presence of the inhibitor in- 
creases both slope and intercept of the plot of 1/v versus 1/S by 
the same factor. Thus, by this test a stoichiometric inhibitor 
may be taken to be noncompetitive. 

It is therefore apparent that in analysis of inhibition by the 
procedures of Lineweaver and Burk (23), substances which in- 
crease the slope and intercept of the 1/v versus 1/S plot by the 
same factor may be either stoichiometric or classical noncompeti- 
tive’ inhibitors. Consequently, this form of treatment is in- 
adequate to distinguish between the two modes of inhibition, 
particularly if only one concentration of inhibitor is studied. If 
several concentrations are used, the distinction can be made 
from the results of the 1/v versus 1/S plot,’ but it is much more 
convincingly and easily made from a study of the effect of en- 
zyme concentration on the activity at constant drug concentra- 
tion (see Fig. 2) as recommended by Ackermann and Potter (17). 
A classical noncompetitive inhibitor will result in a straight line 
of lesser slope than the control that passes through the origin; 
hence, the two forms of inhibiton are clearly distinguishable. 

Osborn, Freeman, and Huennekens (16) concluded, from a 
study of the effect of a single level of aminopterin and amethop- 


‘More precisely, for a noncompetitive stoichiometric inhibitor 
E/K; > 100 and for a competitive stoichiometric inhibitor EK,/ 
K7S > 100 (20). 

'From Goldstein (20) for a stoichiometric inhibitor J = (1 — 
a)E ora = 1 — J/E. Since a is the fraction of uninhibited en- 
zyme, AV max (equal to Vmax(1 — J/E)) is the maximal activity 
in the presence of J and must replace Vmax in the usual equation, 


V 


*By ‘classical’? noncompetitive inhibitor is meant one for 
which E/K; < 0.1 and for which, consequently, the proportion 
of inhibitor bound by the enzyme is negligible. 

_ ‘For a classical noncompetitive inhibitor, a plot of ordinal 
intercept versus I is Jinear, whereas for a stoichiometric inhibitor, 
a plot of the reciprocal of the ordinal intercepts versus J is linear. 
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TaBLe IV 


Concentration and activity of folic acid reductase 
in various tissues 


Tissue Animal ——— Activity Turnover No. 
mumoles prod-| moles product/ 
my equivalent/g*| wuct/min/g min/ equivalent 
tissuet of enzyme 
Liver Rat 1.00 9.6 9.6 
Mouse | 0.78 6.8 8.8 
Guinea pig 1.03 5.7 5.5 
Intestine Rat 0.31 0.6 ye 
Mouse 0.34 3.8 11.1 
Guinea pig 0.29 1.5 5.2 
Kidney Rat 0.43 5.3 12.3 
Mouse 0.53 6.1 11.5 
Guinea pig | 0.66 3.5 5.3 
Walker 256 | 
tumor Rat | 0.22 1.3 5.7 


* These units are in terms of the moles of drug necessary to in- 
hibit the enzyme. 

+ Activity values for intestine and tumor are based on assays 
performed in the presence of 0.1 M nicotinamide. Activity values 
of liver and kidney were obtained in the absence of nicotinamide 
and have been multiplied by 0.63 in order to make them compara- 
ble to the results for the other tissues. 


terin on the activity of dihydrofolic reductase at limiting sub- 
strate concentration, that these were noncompetitive inhibitors 
of the enzyme. However, when these authors performed a study 
with 100 times as much substrate, they found that only 70% 
inhibition (rather than 98 to 99) was effected by amounts of the 
drug 50 to 100 times greater than the dissociation constants they 
had calculated. Inasmuch as by definition a noncompetitive 
inhibitor is not substrate-antagonized, these drugs cannot be 
noncompetitive inhibitors, and the reported dissociation constants 
(16) cannot be correct. If these drugs, however, are competitive 
stoichiometric inhibitors at low substrate concentrations, then 
the reported results are reasonable. When the substrate concen- 
tration is greatly increased, inhibitor is displaced from the enzyme 
and the inhibition is no longer stoichiometric. Thus, it may be 
concluded that the data of Osborn et al. (16) provide some support 
for the conclusion that dihydrofolic acid reductase is stoichio- 
metrically inhibited by these drugs under some conditions. The 
present results provide evidence for the same type of inhibition 
of folic acid reductase. This is to be expected, inasmuch as 
Zakrzewski and Nichol (24) have presented substantial evidence 
that these two enzyme activities are mediated by a single en- 
zyme. 

Doctor (25) and Wood and Hitchings (26) in studies on the ef- 
fect of pyrimethamine (2,4-diamino-5-(p-chloropheny])-6-eth- 
ylpyrimidine; Daraprim (Burroughs Wellcome and Company)) 
on the conversion of folate to citrovorum factor have concluded 
that the action is that of a noncompetitive inhibitor. Since 
Doctor (25) also showed that this compound is not an inhibitor of 
the conversion of folate-H, to citrovorum factor, the inhibition 
observed was presumably directed against folic acid reductase(s). 
In both of these studies, the conclusion of a noncompetitive 
mechanism was drawn from the effect of a single concentration 
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TABLE V 


Estimates of drug-combining capacity of rat liver 
supernatant fraction 


Method of estimation Drug D pono 
mumoles/g 
liver 
1. Microbial assay after admin- | Amethopterin 0.99 
istration zn vivo and after 
dialysis 
2. Nondialyzable radioactivity | Aminopterin-2-C'4 1.01 
3. Inhibition of folic acid reduc- | Amethopterin 0.98 
tase 
4. Inhibition of folic acid redue- | Aminopterin 0.97 
tase 


of pyrimethamine on the 1/v — 1/S plot. Their results, there- 
fore, do not exclude the possibility that the mechanism is stoi- 
chiometric rather than noncompetitive. If it is stoichiometric, 
more intensive studies will be required to decide whether the 
action of pyrimethamine is competitive or noncompetitive. 

The data in Figs. 1 and 2 provide a basis for calculation of a 
maximal value for the dissociation constant of the complex be- 
tween folic acid reductase and aminopterin or amethopterin. 
From Goldstein (20), 


(2) 


in which R = K;, for a noncompetitive inhibitor and A;,S/K, for 
a competitive inhibitor. Fig. 1 is compatible only with a value 
for R of approximately zero. If the ordinate at the highest drug 
concentration in this experiment is too low by 0.01 O.D., then 
insertion of the data of both Fig. 1 and Fig. 2 into Equation 2 
leads to a value for R of about 1.5 K 107° m. If these com- 
pounds are noncompetitive inhibitors of the enzyme, their dis- 
sociation constants are, therefore, less than 1.5 & 107!°. If, on 
the other hand, they are competitive inhibitors, the dissociation 
constants are less than 3 X 10", because in these experiments 
S =8 X 10°and A, = 1.4 X 10-58 The 4-amino analogues of 
folic acid are therefore perhaps the most tightly bound dissociable 
enzyme inhibitors yet studied. For comparison, the dissociation 
constant for the complex between physostigmine and cholin- 
esterase is 3 X 10-® (20) and that for the complex between 2- 
amino-4-hydroxy-6-formylpteridine and pterine oxidase is 6 X 
10-?° (21). 

Drug Binding—Several estimates of the extent of drug binding 
by rat liver preparations have been presented. It may be seen 
in Table V that there is excellent agreement between these diverse 
methods of estimation. In Methods 1 and 2, the estimates are 
based on the physical binding of drug to the nondialyzable com- 
ponents of the preparation and are maximal estimates. In 
Methods 3 and 4, the estimates are based on inhibition of the 
enzyme. The agreement between the two sets of data means 
either that the only substance binding the drugs is the enzyme 
in question, or that any other binding substance has very nearly 
the same affinity for the drug as does this enzyme. However, 
partial displacement of drug by dialysis against folic acid, ob- 
served in Table III and Fig. 3, resulted in equivalent reactivation 
of theenzyme. Therefore, the postulated protein must also have 


8 W. C. Werkheiser, unpublished data. 
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similar affinity for folic acid as does the enzyme. It seems reason- 
able therefore to conclude that this protein, if it exists, is present 
in negligible concentration, and that folic acid reductase is the 
agent responsible for binding these drugs. It is also likely, then, 
that this enzyme is responsible for the long-term retention of 
these drugs in the animal. 


SUMMARY 


“Stoichiometric”’ enzyme inhibition has been defined as in- 
hibition caused by a compound which is so firmly bound to an 
enzyme that, at levels inadequate to cause complete inhibition, 
by far the greater portion of the drug is enzyme-bound. The 
similarity of this form of inhibition to that of classical noncom- 
petitive inhibition has been demonstrated and methods permit- 
ting distinction between the two mechanisms have been de- 
scribed. 

Amethopterin and other 4-amino derivatives of pteroylglu- 
tamic acid have been shown to be stoichiometric inhibitors of 
folic acid reductase. The amount of drug bound by the soluble 
supernatant proteins of rat liver was precisely the amount re- 
quired to inhibit the folic acid reductase in the preparation. Re- 
moval of drug from the protein by dialysis against folic acid re- 
sulted in precisely equivalent reactivation of the enzyme. It 
was concluded that folic acid reductase is the agent in rat liver 
which binds the 4-amino derivatives of folic acid both in vivo and 
in vitro and that this probably represents the mechanism of the 
long-term retention of these drugs in the animal. 

The amount and activity of folic acid reductase in the liver, 
kidney, and intestinal mucosa of the rat, mouse, and guinea pig, 
and in Walker 256 rat carcinosarcoma have been measured. 
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Administering vitamin B, to a deficient rat intensifies the 
uptake by most tissues of a test amino acid (1). In addition, 
the presence of either pyridoxal or pyridoxal phosphate in the 
environment of isolated Ehrlich ascites tumor cells intensifies 
their uptake of amino acids, under either aerobic (2) or anaerobic 
(3) conditions. The intestinal absorption of amino acids in 
rats made deficient in vitamin Bg is also stimulated by pyridoxal 
phosphate (4, 5). Furthermore, pyridoxal phosphate added 
to one side of a barrier formed with Ehrlich cells stimulates a 
distinct accumulation of amino acids on the other side (3). 

The basis on which the addition of either of these two alde- 
hydes stimulates amino acid uptake by ascites cells is still un- 
known. An obvious possibility is that they act by binding the 
amino acid within the cell structure, either permanently or 
transiently. Permanent binding of a single amino acid molecule 
by a single aldehyde molecule can be excluded as a complete 
explanation because the extra amino acid uptake under favorable 
circumstances exceeds even the total amount of aldehyde added 
(2). By transient binding we mean that either of the aldehydes 
(or a derivative) could act to carry the extra amino acid into 
the cell. Since this extra portion of amino acid is transported 
against a gradient, such a carrier action could not result merely 
from the formation of a passively permeating complex; instead, 
it requires some rather special features. Although both of these 
aromatic aldehydes fulfill approximately the structural require- 
ments for combining with the amino acids that are transported 
(6), more direct tests of the nature of their action are desirable. 
In the present investigation we find that for neither of the two 
aldehydes does their uptake by the Ehrlich cell associate itself 
with the uptake of amino acids in the way that might be ex- 
pected for a carrier. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


The two aldehydes were tritiated for us according to the Wilz- 
bach procedure (7) by the New England Nuclear Corporation. 
(The resultant materials were dissolved in water, the aqueous 
solutions lyophilized, and the crude products returned to us.) 
The tritiated pyridoxal hydrochloride was dissolved in a minimal 
volume of water, and the free base was precipitated by setting 
the pH at 6.8. After washing with ice water the product was 
again dissolved as the hydrochloride and once more precipitated 
in the same way. Then a concentrated solution in HCl at pH 


* This study was supported in part by a grant (C-2645) from the 
National Cancer Institute, National Institutes of Health, U. S. 
Public Health Service. 


2 was added to a column of Dowex 1-chloride, and elution pro- 
duced by water. The several consecutive portions of the eluate 
found to contain most of the pyridoxal by observing the ab- 
sorbancy in 0.1 N HCl] at 288 mu were combined and lyophilized. 
The course of the elution was much the same whether observed 
spectrophotometrically or by liquid scintillation counting. The 
dry product was subjected to 2 more isoelectric precipitations, 
as above, to give a constant specific activity of 0.43 me per g. 
Chromatography on paper with a mixture of tertiary butanol- 
formic acid-water (70:15:15) gave a single spot, its fluorescence 
and radioactivity being coincident. 

Tritiated pyridoxal phosphate was purified similarly, after 
dilution with one-fifth part of pure unlabeled pyridoxal phos- 
phate; 1.1 g in 8 ml of water were added to a column of Amberlite 
C.G.-50, type 2 (22 X 2.2 cm), in the hydrogen form. Elution 
again was produced by water, successive 10-m1 portions of eluate 
being collected at a flow-rate of 45 ml per hr. The portions rich 
in pyridoxal phosphate, as observed by their absorbancy at 
295 mu in 0.1 nN HCl, were combined and lyophilized. This 
chromatographic procedure was performed two more times to 
give 688 mg of a product of constant specific activity of 8 mc per 
g. Chromatography on paper again showed only a single spot, 
the same whether observed by counting or by its fluorescence. 
The product showed 99.5% of the expected specific extinction 
at 295 my in 0.1 N HCl. 

To count tritium disintegrations, 0.2-ml portions of aqueous 
solutions containing the radioactive material were mixed with 
3 ml of absolute alcohol and 6.8 ml of a phosphor solution con- 
taining 0.4°% 2,5-diphenyloxazole and 0.01% 1,4-bis-2’(5’- 
phenyloxazolyl)benzene in toluene. Scintillations in the re- 
sultant solution were counted with the Packard Tri-Carb model 
314X spectrometer, with the red scaler window set at positions 
10 and 50 and the temperature held at —4°. The voltage was 
set for highest counting efficiency, which was 7 to 8%. 

The Ehrlich cells were extracted exhaustively (usually four 
times) with 10% trichloroacetic acid, and portions of the extract 
counted as above. The presence of the trichloroacetic acid did 
not produce extra quenching with the above phosphor solution. 

Pyridoxal was measured by observing the absorbancy at 375 
mu in the presence of excess ethanolamine (8). The cells were 
extracted with 3% metaphosphoric acid for this analysis, whereas 
10% trichloroacetic acid was used to extract pyridoxal phosphate 
for spectrophotometric analysis. The optical density of this 
extract at 295 mu served to determine this substance. 

Conditions of Uptake Studies—Suspensions of Ehrlich cells in 
10 to 20 volumes of Krebs-Ringer-bicarbonate solution were 
shaken at 37° in small Erlenmeyer flasks containing suitable 
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levels of the aldehydes and of amino acids. For studies with 
pyridoxal the gas phase usually was 95% oxygen and 5% CO:; 
for pyridoxal phosphate, nitrogen was substituted for the oxygen. 

Uptake by Broken-Cell Preparations—Thick suspensions (30%) 
of the fresh cells in Krebs-Ringer-bicarbonate medium were 
passed through the orifice of the French pressure cell (American 
Instrument Company, Inc.) under a pressure of 2000 pounds 
per square inch. Practically all of the cells were broken. The 
resulting suspension was centrifuged at 20,000 x g for 10 min- 
utes at 0° and the supernatant fluid was discarded. The packed 
sediment was suspended in a fresh portion of the same medium 
and the suspension centrifuged under the same conditions. 

The packed cell debris was resuspended in a third portion of 
the same solution, this time containing 2 mM pyridoxal or 1 
mM pyridoxal phosphate, and incubated for 10 minutes at 37° 
as usual. The preparation treated with pyridoxal phosphate 
coagulated within a few minutes and became intense yellow. 
After incubation the suspensions were again centrifuged at 
24,000 x g for 15 minutes in the cold, and the packed mass and 
supernatant solution analyzed in the usual way for their content 
of pyridoxal or pyridoxal phosphate. 


RESULTS 


Table I shows that pyridoxal is taken up by the Ehrlich cells 
to a level, calculated on a weight basis, 1.3 to 1.4 times the level 
remaining in the external medium. The extent of uptake is 
independent of the volume in which a given quantity of cells is 
placed. As shown in Table I and Fig. 1, this ratio is constant 
over a very wide range of pyridoxal levels, although the relation- 
ship does tend to become curvilinear above 0.02 m (Fig. 1). 
Pyridoxal uptake is complete in 5 minutes (but not in 2 minutes) ; 
for example, in a 2 mM solution a distribution ratio of 1.34 was 
reached in 5 minutes, of 1.34 after 15 minutes, and of 1.32 after 
30 minutes. | 

Much smaller amounts of pyridoxal phosphate are taken up 
by the cells (Table I). To avoid a tendency of the cells to clump 
and be destroyed in the presence of pyridoxal phosphate,! an 
anaerobic environment was substituted. This uptake again is 
quick, successive ratios at 5, 10, and 25 minutes being 0.22, 0.24, 
and 0.18. In contrast to the behavior of pyridoxal, the uptake 
of pyridoxal phosphate becomes proportionately smaller as the 
pyridoxal phosphate level is increased (Table I). 

After the cells are partially broken by the French pressure 
cell the resultant sedimentable fragments show about the same 
tendency to take up pyridoxal as did the whole cells, but the 
pyridoxal phosphate uptake is greatly increased. Such prepara- 
tions are stained much more deeply yellow by 1 mm pyridoxal 
phosphate than by pyridoxal. In a typical experiment a dis- 
tribution ratio of 3.0 was obtained for pyridoxal phosphate be- 
tween the sedimentable fragments and the medium. 

The stimulating action of both aldehydes on amino acid trans- 
port is quickly lost again if the cell suspension is diluted with 
additional saline medium to bring the aldehyde level below 0.1 
mM. In agreement the pyridoxal taken up is quickly eluted on 
such dilution. With pyridoxal phosphate, however, the washing 


1 Dr. Dale Oxender now finds that this clumping arises from a 
somewhat specific release of DNA from the cells in the presence of 
pyridoxal phosphate whether under aerobic or anaerobic condi- 
tions. The clumping can be entirely prevented by the addition of 
a very small amount of DNAase. This action of pyridoxal phos- 
phate is not shared by pyridoxal. 
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TABLE I 


Distribution of pyridoxal and pyridoxal phosphate between ascites 
cells and their external environment, after 30 minutes at 37° 


| [aldehyde] per g cells 
[aldehyde] per g medium 


| Distribution ratio: 


Aldehyde 
| Pyridoxal Pyridoxal phosphate 
mM 
0.05 1.36 
0.50 1.40* 0.18 
1.0 1.42* 0.12 
2.0 1.41* 0.10 
5.0 0.08 


* Observed spectrophotometrically. Other observations by 
counting tritium disintegrations. 


35+ 


o WITHOUT DAB 


o WITH DAB 
10 


INTRACELLULAR PYRIDOXAL 


5 10 15 20 25 30 35 
EXTRACELLULAR PYRIDOXAL »«MOLE/ ML 


Fig. 1. Uptake of pyridoxal by ascites tumor cells with and with- 
out the presence of L-2,4-diaminobutyrate (DAB). The cells were 
incubated for 20 minutes at 37°. . 


out of the tritium label occurs more gradually. Three successive 
washes at 0° with 5 volumes of Ringer-bicarbonate medium left 
the cells, in order, with 49, 29, and 20% of the radioactivity 
introduced by prior incubation in 1 mo tritiated pyridoxal phos- 
phate. 

Table II and Fig. 1 show the effects of the presence of amino 
acids on the distribution of the two pyridine aldehydes. The 
neutral amino acids tested, and arginine, lysine, and ornithine 
only decrease the uptake of the aldehydes. When the functional 
groups are brought closer together, as in 2,4-diaminobutyric 
acid, 2,3-diaminopropionic acid, penicillamine, and cysteine, 
the uptake of pyridoxal is substantially increased, although that 
of pyridoxal phosphate is still only decreased. The substitution 
of anaerobic conditions did not greatly modify the effects of the 
amino acids on pyridoxal distribution (Table II). A similar 
final distribution of pyridoxal was reached whether the amino 
acid or the pyridoxal was added to the cells first and uptake 
permitted to proceed for 30 minutes, or whether both were added 
at the same time (Table III). Observations at 2 minutes and 
even shorter intervals revealed no acceleration of pyridoxal up- 
take by glycine. 

Because the presence of glucose is needed for optimal amino 
acid transport under anaerobic conditions, the experiments with 
pyridoxal phosphate recorded in Table II were repeated in the 
presence of 0.01 m glucose with essentially the same results. For 
example, the ratio of the cellular to the extracellular level was 
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TABLE II 

Action of amino acids on distribution of pyridoxal and pyridoral 

phosphate between ascites cells and their external environment 

The distribution ratio in the absence of added amino acids is 
taken to be 100%. The values in parentheses, and all the values 
for pyridoxal phosphate, were obtained under anaerobic condi- 
tions. Ali measurements were made after incubation for 25 min- 
utes at 37°. 


Relative distribution ratio of aldehyde 


Amino Acid 


Pyridoxal | 

at 10 mM at 2m™M al 0.05 mu* | at 1 mM 
96 | 
SS | 100 | 
L-a,y-Diaminobutyrate...... 155 (100) 
L-a ,8-Diaminopropionate.... 225 (181) | 131 | 45 
144 | 136 | 


* Observed by counting tritium disintegration. 


III 


Effect of amino acids (10 mm) on distribution of pyridoxal (2 mm) 
as influenced by order of addition 

The first component was present for 30 minutes before the sec- 

ond component was added. A further 20 minutes at 37° then 

ensued before the distribution was measured. The distribution 

ratio in the absence of an added amino acid was taken to be 100%. 


Relative distribution ratio 


Amino acid added pre- | Cells pre- 


| Cells 
Untreated cells loaded with | loaded with 


| amino acid pyridoxal 
% 
a,y-Diaminobutyrate........ 156 | 175 | 137 


decreased to 76% of its control value by the presence of 10 mm 
L-lysine or L-2,4-diaminobutyrate, to 72% by the presence of 
glycine, and to 66° by the presence of L-2 ,3-diaminopropionate. 


DISCUSSION 


The foregoing results show that these two forms of vitamin 
B, differ strongly in their behavior with the ascites tumor cells. 
Pyridoxal quickly reaches a level large enough to include permea- 
tion of all the cell water plus fixation to an abundance of bind- 
ing sites of rather uniform low affinity. The fact that the pyr- 
idoxal really enters the cell is supported by the finding that 
significantly more binding sites are not revealed when the cells 
are broken, and also by the fact that permeating amino acids 
that are particularly strong pyridoxal binders (diaminopropio- 
nate, diaminobutyrate, penicillamine, cysteine) increase the fixa- 
tion of pyridoxal. In this latter case it is of course possible that 


the union between the amino acid and aldehyde occurs outside 
the cell and that the extra accumulation observed concerns the 


products of this union. 
In contrast, the amount of pyridoxal phosphate fixed is too 
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small to include entry into much of the cell water. (This obser- 
vation may be correlated with the failure of pyridoxal phosphate 
to serve as a growth-factor for many organisms that use pyridoxal 
effectively.) Furthermore, the Ehrlich cells are stained more 
strongly by pyridoxal phosphate than by pyridoxal. In line 
with the known greater reactivity of pyridoxal phosphate, it 
seems likely that much of the fixation of this compound occurs 
by superficial chemical reaction and little, if any, by penetration 
into the cell. When the cell is broken the presence of formerly 
inaccessible sites binding pyridoxal phosphate is revealed. The 
same conclusion is supported by the failure of the strongly ac- 
cumulated diaminobutyric and diaminopropionic acids to in- 
crease the uptake of pyridoxal phosphate as they increase that 
for pyridoxal. From separate estimates of the equilibrium con- 
stants we may estimate that at a 10 mM level of diaminobutyrate, 
at pH 7.5, approximately 93% of the pyridoxal phosphate in a 
1 mM solution will be bound to the diamino acid. Under the 
conditions prevailing, most of the diaminobutyrate is known 
from prior experiments to enter the cells rapidly. Hence its 
depression of pyridoxal phosphate uptake can only indicate 
that the two have access to each other for the most part only 
in the extracellular compartment. 

In contrast, the known chemical reactivity of pyridoxal with 
glycine (9) appears not to be great enough to account for the 
influence of this amino acid on pyridoxal distribution even if 
this reactivity were limited to the extracellular compartment. 
The reactivity of isoleucine is higher (9) but probably occurs to 
rather similar degrees inside and outside the cell. 

If these aldehydes stimulate amino acid uptake by augmenting 
the supply of endogenous carrier or by forming a suitable sub- 
stitute carrier (and this carrier must be suitable for transfer 
against a gradient), then one might expect the aldehyde to be 
taken up by the cell more rapidly and more extensively while 
the amino acids are present. This should occur even if the 
amino acid already has been accumulated, because available 
evidence indicates that the accumulated amino acid is subject 
to continuing leakage and reconcentration. No such evidence 
for a carrier function or carrier precursorship comes from the 
present experiments. Of course it remains possible that even 
at the low level of 0.05 mm only a small part of the added alde- 
hyde serves to augment the carrier supply, and that most of the 
rather high level (0.1 to 1 mm) of the aldehyde required for stim- 
ulation of amino acid transport serves to drive this minor portion 
into the carrier form. In addition, unrelated effects of the 
amino acids on the distribution of the aldehydes might obscure 
the evidence of carrier precursorship we are seeking. 

On the other hand, the strong contrast in the behavior of these 
two aldehydes with the cells, despite their nearly identical effec- 
tiveness in stimulating amino acid uptake, certainly fails to sup- 
port the idea that both might be precursors of a natural amino 
acid-carrier complex. A direct carrier precursor might be ex- 
pected to be effective in stimulating the uptake of a solute only 
during the interval when the level of the carrier precursor is at a 
higher level outside than inside the cell, and when, therefore, an 
inward migration tends to be maintained. It has been empha- 
sized before that it is the presence of pyridoxal, not the prior 
saturation of the cell with pyridoxal, that is necessary to stimu- 
lation of transport (2). Pyridoxal enters the cell so quickly, how- 
ever, that one cannot explain the elevated amino acid transport 
for several hours on the basis of a continuing pyridoxal gradient. 
The situation might be considered more favorable for pyridoxal 
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phosphate for which a concentration gradient clearly is main- 
tained for many hours, but in this case no gradual entrance of 
this agent can be detected during this interval. 

Other evidence may be cited for questioning a carrier operation 
as underlying the stimulating action of the addition of these 
two aldehydes on amino acid uptake by the Ehrlich cell. Ana- 
logues of pyridoxal, like 4-nitrosalicyaldehyde, are equally effec- 
tive (6). The reduction products, pyridoxaminoacetic acid 
and phosphopyridoxylvaline, fail to gain access to the cells.’ 
Carbonyl reagents like aminoxyacetic acid, hydroxylamine, and 
semicarbazide are not effective inhibitors of amino acid transport 
(10). Estradiol disulfate and other estrogenic sulfates appear to 
react at the same site as pyridoxal does to produce a similar stim- 
ulation.2? The idea will be discussed elsewhere (10) that these 
agents may act instead by filling sites that otherwise act to re- 
strain transport. We must emphasize, nevertheless, that the 
apparent need for such an alternative hypothesis, to explain the 
action of added aromatic aldehydes and anions on transport into 
the Ehrlich cell, does not remove the force from the findings that 
variations in the endogenous Bg economy of the rat greatly in- 
fluence tissue uptake and intestinal transport of amino acids. 


SUMMARY 


1. Ehrlich ascites tumor cells in Krebs-Ringer-bicarbonate 
medium quickly take up pyridoxal to a level calculated to be 1.3 
to 1.4 times the extracellular level. At the same time, the alde- 
hyde appears to have access to about as many chemically reactive 
sites as are exposed on breaking the cells. The uptake is de- 
creased by all amino acids added at a 10 mo level except for cer- 
tain ones that are especially reactive with the aldehydes. These 
instead increase pyridoxal fixation by the cells. 


-2Q. Sellers, unpublished results, 1959. 
3D. L. Oxender, unpublished results, 1960. 
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2. In contrast, pyridoxal phosphate is limited to minor por- 
tions of the cell space, with colorimetric evidence of superficial 
chemical binding, unless the cells are broken, when many more 
binding sites for it become available. This aldehyde is rather 
destructive to the cells under aerobic conditions, so that anaerobic 
conditions may be preferred for its study. Even the diamino 
acids that are highly reactive with pyridoxal phosphate only in- 
hibit its uptake, again supporting the view that this aldehyde 
mostly fails to gain access to the cellular compartment into which 
these amino acids are accumulated. 

3. The behavior of these two aldehydes with the Ehrlich cell 
does not support the idea that their addition stimulates cellular 
amino acid uptake because of their direct precursorship of a car- 
rier complex. The possible normal involvement of endogenous 
vitamin Bg in amino acid transport is, however, a separate ques- 
tion. 


REFERENCES 
1. Riaes, T. R., anp WALKER, L. M., J. Biol. Chem., 233, 132 
(1958). 
2. CHRISTENSEN, H. N., Riaes, T. R., anp Coyne, B. A., J. Biol. 
Chem., 209, 413 (1954). 
3. OXENDER, D. L., AND CHRISTENSEN, H. N., J. Biol. Chem. , 234, 
2321 (1959). 
4. Jacoss, F. A., anp HiLttMan, R.S. L., J. Biol. Chem., 232, 445 
(1958). 
5. AKEDO, H., Sucawa, T., YosHrKAwa, S., AND Supa, M., J. 
Biochem. Tokyo, 47, 124 (1960). 
6. CHRISTENSEN, H. N., AND Riaas, T. R., J. Biol. Chem., 220, 
265 (1956). 
7. Wiuzpacn, K. E., J. Am. Chem. Soc., 79, 1013 (1957). 
8. Merzuer, D. E., aNpD SNELL, E. E., J. Am. Chem. Soc., 74, 979 
(1952). 
9. Merzier, D. E., J. Am. Chem. Soc., 79, 485 (1957). 
10. CHRISTENSEN, H. N., in C. B. ANFINSEN, JR., M. L. Anson, J. 


T. Epsauut, anp K. BatLey (Editors), Advances in protein 
chemistry, Vol. XV, Academic Press, Inc., New York, 1960, 
pp. 298-302. 


0.3 
Ser- 
hate 
Oxal 
nore 
line 
it 
curs 
tion 
erly 
The 
in- 
that 
con- 
ate, 
In a 
the 
own 
its 
cate 
only 
vith 
the 
n if 
ent. 
sto Ff 
ting 
sub- 
sfer 
» be 
able 
ject 
nee 
the 
ven 
Ide- 
the 
tion 
the 
‘ure 
1ese 
fee- 
up- 
ind 
nly | 
ut 
an 
ha- 
rior § 
nu- 
ow- 
yort 
XUM 


Tue JouRNAL oF BroLoaicaL CHEMISTRY 
Vol. 236, No. 3, March 1961 
Printed in U.S.A. 


Identification of p-Hydroxy-q-(methylaminomethy]) benzyl 
Alcohol (Synephrine) in Human Urine 


JoHN J. Pisano, Joun A. Oates, Jr., ARTHUR KARMEN,* ALBERT SJOERDSMA, AND SIDNEY UDENFRIEND 


From the Laboratory of Clinical Biochemistry and the General Medicine and Experimental Therapeutics Branch, National 
Heart Institute, National Institutes of Health, United States Public Health Service, Bethesda 14, Maryland 


(Received for publication, October 6, 1960) 


During the development of an assay for the metanephrines 
(m-O-methylepinephrine and m-O-methylnorepinephrine) in 
human urine (1), another compound was detected which had 
similar chemical and chromatographic properties. Like the 
metanephrines, it was adsorbed onto a weak cation exchange 
resin, and upon treatment with periodate it yielded a product 
which absorbed ultraviolet light. The identification of the 
periodate cleavage product as p-hydroxybenzaldehyde suggested 
that the unknown base in urine was a derivative of p-hydroxy- 
phenylethanolamine. Further studies by a variety of procedures 
have definitely established its identity as p-hydroxy-a-(methy]- 
aminomethyl)benzyl alcohol (synephrine, Sympatol), 


a compound which heretofore had not been implicated in mam- 
malian metabolism. | 


EXPERIMENTAL PROCEDURE 
Isolation of Synephrine from Human Urine 


Collection and Hyrolysis of Urine—Because of the known 
increase in excretion of many amines during treatment with 
monoamine oxidase inhibitors (2), isolation and identification of 
synephrine was carried out on urine from subjects who had 
received 25 mg per day of 8-phenylisopropylhydrazine (JB-516).! 
One-half of a 24-hour urine sample (collected in 10 ml of 6 N HCl 
and stored at 3°) was adjusted to pH 1.0, placed in a boiling 
water bath, and kept there for 20 minutes after the temperature 
of the urine had reached 90°. The urine was then cooled 
and adjusted to pH 6.4 with 1 n NaOH. 

Ion Exchange Chromatography—The neutralized urine was 
allowed to pass through a column (10 X 7 cm) of the weak cation 
exchange resin, Amberlite IRC-50 buffered at pH 6.4 with am- 
monium acetate. After washing the column with 1 liter of water, 
the amines were eluted with 4 nN NH,OH. When the NH,OH 
front reached the bottom of the column, 250 ml were collected. 
The front was visible as a brown ring on the column. The 
eluate was evaporated to dryness at 40° in a rotatory evaporator 
under reduced pressure, and the residue was dissolved in a 
mixture of equal volumes of ethanol and water. 

Preparative Paper Chromatography and Paper Electrophorests— 
The ethanolic solution of the urinary amines was streaked on 5 


* Laboratory of Technical Development, National Heart In- 
stitute, National Institutes of Health, Bethesda 14, Maryland. 
1 Obtained from Lakeside Laboratories, Inc. 


sheets of Whatman No. 3 paper and chromatographed? with 
the solvent system, n-butanol-concentrated acetic acid-water, 
50:12:50 (butanol layer). The substances in the areas having 
the same migration as authentic synephrine (R - 0.61) were eluted 
from the paper with water, combined, and assayed. The eluted 
amines were then applied to each of 5 sheets of Whatman No. 3 
paper as 95-inch bands for electrophoresis in 0.1 M_ sodium 
borate buffer, pH 8.5, at 550 volts (15 volts per cm) for 3 hours. 
Authentic synephrine migrated 10 em toward the cathode, and 
only the material in the center portion of this area of the papers, 
containing the urinary amines, was eluted with water. The 
eluates were combined and used for the identification of syneph- 
rine. 


Identification of Synephrine 


Paper Chromatography—A sample of the isolated material 
was examined by two-dimensional paper chromatography, first 
in n-butanol-concentrated acetic acid-water, 120:30:50, and 
then in isopropyl alcohol-concentrated ammonium hydroxide- 
water, 200:10:20. 

Spectrophotofluorometry—Excitation and fluorescence maxima 
of aqueous solutions of the unknown compound and of authentic 
synephrine were determined on an Aminco-Bowman spectro- 
photofluorometer. 

Oxidation with Periodate, Analysis of Products—Synephrine is 
oxidized by periodate to form equivalent amounts of p-hydroxy- 
benzaldehyde, formaldehyde, and methylamine as shown in the 
equation below: 


+ NalO, 
(1) 
+ CH;NH2 + HCHO + NalO; 


Identification of p-hydroxybenzaldehyde as a periodate degra- 
dation product of the unknown compound was effected by gas 
chromatography followed by spectrophotometric analysis of the 
material recovered from the column. A portion of the isolated 
material was dissolved in 5 ml of 2 N NH,OH in a 40-ml extraction 
tube; then 0.5 ml of a 2% solution of NaIO, was added, followed 
after two minutes by 0.5 ml of 10% NaS.O5. The tube was 
immersed in an ice bath, the solution was acidified with ice-cold 
6 n HCl, and the p-hydroxybenzaldehyde was extracted with 20 
ml of benzene by shaking the mixture for 5 minutes. The 
benzene was transferred to another tube and the extraction was 
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repeated five times. The benzene extracts were combined, 
evaporated to dryness, and the residue was taken up in benzene 
and brought to a final volume of 0.1 ml by evaporation under a 
stream of nitrogen. Of this, 20 ul were analyzed by gas chroma- 
tography in a six-foot U-shaped column filled with Chromasorb 
W (Johns Manville) on which ethylene glycol adipate polyester 
was adsorbed (10% by weight). An argon-ionization detector 
containing 100 ue radium source was used (3). The temperature 
of the column was 215° and the gas flow rate was 100 ml per 
minute. The material having the same elution time as authentic 
p-hydroxybenzaldehyde was collected in a small vial which was 
connected to the column outlet with polyethylene tubing. The 
tubing and vial were washed with 2 n NH,OH to dissolve the 
product, and the ultraviolet spectrum of the solution was 
determined. 

Another sample of the isolated amine was oxidized with perio- 
date and the proportions of p-hydroxybenzaldehyde and methyl- 
amine were compared. p-Hydroxybenzaldehyde was determined 
spectrophotometrically. Methylamine was steam distilled from 
an aliquot of the reaction mixture and determined by reaction 
with fluorodinitrobenzene (4). Results with the latter method 
varied as much as 20% when standard solutions of methylamine 
were analyzed. 


Assay of Synephrine 


Synephrine in urine was measured by utilizing the previously 
described assay procedure for the metanephrines (1), except that 
the spectrophotometric readings were taken at both 330 mu 
(absorption maximum for p-hydroxybenzaldehyde) and 350 
mu (absorption maximum for vanillin). The amounts of p- 
hydroxybenzaldehyde (equivalent to synephrines) and vanillin 
(equivalent to metanephrines) in the same solution were de- 
termined by solving a simultaneous equation which included the 
absorbancy measured at the two wave lengths.2, The 24-hour 
urine sample used for this isolation of svnephrine contained 600 
ug of the metanephrines and 1000 ug of synephrines. 


RESULTS 


The following data conclusively identify the unknown amine 
as synephrine. 

Paper Chromatography and Color Reactions—Results of two- 
dimensional paper chromatography of the amine isolated from 
urine are shown in Fig. 1. It can be seen that the unknown 
amine, when mixed with authentic synephrine and chromato- 


2 A330 = B+ V = CaB’ + V 
A350 = B’+ V’=B’+ V 
Cy 
Where: 


A330 and A359 = observed absorbancies at 330 and 350 mu of the 
experimental mixture. 

B and B’ = amount of absorbancy at 330 and 350 my due to the 
p-hydroxybenzaldehyde in the mixture. 

V and V’ = amount of absorbancy at 330 and 350 my due to the 
vanillin in the mixture. 


Cs = constant 


a absorbancy at 330 mu 
absorbancy at 350 mu 


of authentic p-hydroxybenzaldehyde 


absorbancy at 330 m 3 poet 
of authentic vanillin 


Cy = constant = 


absorbancy at 350 mu 
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6) 


NORSYNEPHRINE 


SYNEPHRINE 


O 


UNKNOWN + UNKNOWN + 
SYNEPHRINE NORSYNEPHRINE 


n-BUTANOL-ACETIC ACID 


ISOPROPYL ALCOHOL-AMMONIA 


Fic. 1. Comparison of two-dimensional paper chromatograms 
of the synephrines and the unknown amine. The solution of the 
unknown was obtained from the electrophoretic step in the isola- 
tion procedure. No other spot appeared in the chromatogram of 
this solution. The X seen in the lower right corner of the chroma- 
tograms marks the point of application of the sample. The 
solvents used were: n-butanol-concentrated acetic acid-water, 
120:30:50, and isopropyl alcohol-concentrated ammonium hy- 
droxide water, 200:10:20. The spray reagent was diazotized 
p-nitroaniline. 


TaBLe 
Relative retention times of aldehydes analyzed by gas chromatography 


Relative reten- 


Aldehyde tion time* 


| 
| 
p-Methoxybenzaldehyde. . | 
Aldehyde from periodate oxidation of synephrine. . .| 
Aldehyde from periodate oxidation of unknown..... 


* Retention times are relative to methyl stearate set at 1.00 
on an ethylene glycol adipate polyester column. 


graphed, gave only one spot after spraying the paper with 
diazotized p-nitroaniline. On the other hand, a mixed chroma- 
togram of the unknown compound and norsynephrine (a-(amino- 
methyl)-p-hydroxybenzyl alcohol) clearly showed two spots, 
thus proving that the unknown amine was not norsynephrine. 
On all chromatograms, the unknown compound and synephrine 
gave similar colors with spray reagents, pink with diazotized p-ni- 
troaniline, and yellow with diazotized sulfanilic acid. Spraying 
with 1% NalO, in 5% Na2CO; resulted in the oxidation of both 
synephrine and the unknown compound to yield an aldehyde 
which absorbed ultraviolet light from a Woods lamp (360 my). 
The aldehyde produced in this way on paper also gave the pink 
and yellow colors with diazotized p-nitroaniline and sulfanilic 
acid, respectively. 

Identification of p-Hydroxybenzaldehyde and Methylamine— 
Identification of p-hydroxybenzaldehyde was established by gas 
chromatography and spectrophotometric analysis of the aldehyde 
recovered from the column. Table I shows that gas chromatog- 
raphy serves as an excellent procedure for separating and 
identifying aromatic aldehydes. The aldehyde formed through 
the periodate oxidation of synephrine and the unknown amine 
had exactly the same relative retention time as authentic p- 
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Fic. 2. Absorption spectra of p-hydroxybenzaldehyde (solid 
line) and the aldehyde from the unknown amine (formed by peri- 
odate oxidation) recovered from the gas chromatography step 
(dotted line). Effluent gas was collected only during the time in- 
terval when p-hydroxybenzaldehyde was known to come off. 


WAVELENGTH (mu) 


Fic. 3. Fluorescence spectra of aqueous solutions at pH L of 
synephrine (solid line) and the unknown amine (dotted line). Both 
compounds had the same excitation peak of 275my. The unknown 
amine sample was obtained from the electrophoretic step of the 
isolation procedure. 


hydroxybenzaldehyde. Furthermore, spectrophotometric anal- 
ysis of the unknown aldehyde recovered from the column re- 
vealed the same absorption peak as p-hydroxybenzaldehyde 
(Fig. 2). The spectrum differed at the lower wave lengths from 
the spectrum of untreated p-hydroxybenzaldehyde because of 
contaminants formed through decomposition of the polyester 
column under the conditions used. 

As expected, synephrine and the unknown amine gave essen- 
tially equivalent amounts of methylamine and p-hydroxybenz- 
aldehyde after oxidation with periodate. The ratio of volatile 
amine to aldehyde was 1.1 for synephrine and 1.2 for the unknown 
amine. The dinitrophenyl derivative of the apparent methy]l- 
amine was further characterized by noting the ratio of absorb- 
ancy at 350 to 390 mu. The derivatives of authentic methy]- 
amine and of the unknown gave ratios of 2.1 which is characteristic 
of a primary amine (4). Another aliquot of the volatile amine 
when chromatographed on paper (n-butanol-concentrated acetic 
acid-water, 50:12:50; butanol layer) as the hydrochloride gave 
only one ninhydrin positive spot with an Ry of 0.48. One spot, 
with the same Ry, was obtained on mixing the unknown with 
authentic methylamine hydrochloride. A mixture of the un- 
known and ethylamine hydrochlorides gave two spots, Rr 0.48 
and Ry 0.60. Methylamine and ethylamine hydrochlorides 
when chromatographed alone had R, values of 0.51 and 0.68, 
respectively. Similar quantities of ammonium chloride chro- 


Identification of Synephrine Vol. 236, No. 3 


matographed under the same conditions, alone or with the amine, 
could not be detected. 

Spectrophotofluorometry—The fluorescence characteristics of 
the unknown compound and of synephrine were found to be 
similar. In each case the excitation peak of aqueous solutions at 
pH 1 was at 275 my and the fluorescence peak at 320 my (un- 
corrected) (Fig. 3). Similar fluorescence characteristics were 
observed for tyrosine. According to Teale and Weber (5), 
tyrosine has a corrected excitation maximum at 275 my and a 
fluorescence maximum at 303 my. The isolated urinary amine, 
when treated with a-nitroso-8-naphthol, gave a yellow color and 
the characteristic fluorescence of para-substituted phenols (6). 
The color yield from the reaction of the urinary amine with this 
reagent was identical to that obtained with an equivalent amount 
of authentic synephrine, the equivalence being based on the 
spectrophotometric assay of the p-hydroxybenzaldehyde formed 
from each after oxidation with periodate. 


DISCUSSION 


The primary amine, norsynephrine, was first identified in 
biological material by Erspamer (7) who isolated it from octopus 
salivary glands and called it octopamine. Subsequent studies in 
this laboratory (1) and by Kakimoto and Armstrong (8) indi- 
cated its presence in mammalian urine. A significant elevation 
of the concentration of octopamine was also noted in tissues after 
the administration of monoamine oxidase inhibitors (8). The 
N-methyl derivative, synephrine, however, was not found in 
these investigations. It was, therefore, somewhat surprising not 
only to identify the latter amine in human urine, but also to 
find it in quantities much greater than norsynephrine. 

In preliminary attempts to measure the urinary excretion of 
these products, six urines from normal subjects have been ex- 
amined carefully for the presence of synephrine and norsyneph- 
rine. In only one instance was more than a trace of norsyneph- 
rine detectable by two-dimensional paper chromatography. In 
this instance, the patient excreted a total of 3.3 mg of syneph- 
rines, of which only 10% was the unmethylated product. The 
synephrines and metanephrines have been determined in the 
same urine samples with the use of the assay method for the 
metanephrines together with the simultaneous equation given in 
the footnote. In 12 normal subjects, the range of excretion of 
the metanephrines was 200 to 450 ug per day (average 400 ug) 
compared to 100 to 1900 wg per day (average 650 ug per day) 
for the synephrines. Administration of monoamine oxidase 
inhibitors to patients has been shown to increase the excretion of 
both the metanephrines and synephrines.’ 

The structural similarity between synephrine and epinephrine 
has suggested a possible parallel between their biosynthetic 
pathways. It is likely that the major route of synephrine 
synthesis is initiated by 6-hydroxylation of tyramine to form 
norsynephrine. In this laboratory, the @-hydroxylation of 
tyramine to norsynephrine has recently been accomplished in an 
adrenal-slice system identical to that necessary for the formation 
of norepinephrine by 6-hydroxylation of Dopamine (9). This 
finding, and the observation that tyramine @-oxidase activity 
was found in the same areas of the brain that are rich in Dopa- 
mine G-oxidase (10), suggest that the 8-hydroxylation of tyramine 
and Dopamine is catalyzed by the same enzyme. The N- 
methylation of norsynephrine to synephrine may very well be 


3 J. J. Pisano, J. A. Oates, A. Sjoerdsma, and S. Udenfriend, 
unpublished results. 
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catalyzed by the same enzyme which converts norepinephrine to 
epinephrine. 

The finding of increased excretion of synephrine during treat- 
ment with monoamine oxidase inhibitors is strong evidence that 
a major route of metabolism for this amine involves monoamine 
oxidase. p-Hydroxymandelic acid, the acid metabolite which 
would result from oxidation of synephrine, has been identified in 
human urine (11). From other studies it is known that the weak 
pressor and inotropic activity of synephrine is potentiated by 
monoamine oxidase inhibition (12), but the exact pharmacological 
significance of synephrine and of its accumulation during mono- 
amine oxidase inhibition remains to be elucidated. Although 
the synephrines may prove interesting only from a metabolic 
standpoint, the possible physiological implications of the close 
chemical relationship of the synephrines to epinephrine and 
norepinephrine merit consideration. 

It should be pointed out that the ortho and meta hydroxy 
analogues of tyramine are also present in urine (13) and are not 
of dietary origin. The §-oxidation of these amines would yield 
the corresponding ortho and meta analogues of norsynephrine. 
In the case of the meta compound, N-methylation would yield 
neosynephrine, a well known and potent vasoconstrictor. These 
possibilities are also being investigated. 


SUMMARY 


Synephrine was conclusively identified in human urine by 
means of separation on ion exchange columns, two-dimensional 
paper chromatography, paper electrophoresis, color reactions, 


spectrophotometric and fluorometric characteristics, and by 
the identification and determination of the products formed by 
periodate degradation of the amine. 
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Friess (1) and Bowen and Kerwin (2) reported that ethylene- 
diaminetetraacetic acid greatly enhances myosin A-adenosine 
triphosphatase activity in 0.6 m KC].  Friess et al. (3) drew the 
conclusion from their further studies that EDTA! chelates to a 
divalent cation, probably Mg**, tightly bound to myosin A. 
Kielley and Bradley (4) suggested that SH groups are involved 
in the active center of myosin A-ATPase and appear to partici- 
pate in an interaction with a divalent cation, on the basis of 
their observations that the activation by low concentrations of 
p-chloromercuribenzoate with Ca**-activated myosin A was not 
seen in the presence of EDTA. However, there has been very 
little direct evidence as to whether a divalent cation is included 
in the active site of myosin A-ATPase or not. It was observed 
incidentally in our laboratory that almost all the divalent cations 
ean be released from myosin A by the treatment of myosin A 
with PCMB. When myosin A was treated with cysteine after 
the titration with PCMB, it included almost no divalent cation 
and the same number of SH groups as it had originally. The 
properties of the ATPase of myosin A thus obtained were found 
to be almost identical to those of the original protein, especially 
with respect to the dependence of its activity on pH and activa- 
tion by EDTA or PCMB. 

In a previous paper (5) it was reported that 2,4,6-trinitro- 
benzenesulfonate reacts specifically with one lysyl ¢-amino group 
per 2.1 X 10°g of myosin A. The properties of ATPase activity 
of trinitrophenyl myosin A were examined under various condi- 
tions and found to be little activated by EDTA or PCMB and 
lacking in the characteristic depression at the neutral region of 
the pH-activity curve. These results were shown to be readily 
explainable by the “general mechanism”? of myosin A-ATPase 
previously proposed by one of us (6). 


EXPERIMENTAL PROCEDURE 


Myosin A was prepared from skeletal muscle of rabbit by the 
method described by Perry (7) with slight modifications. 

Myosin A free from divalent cations was obtained as follows. 
Myosin A was incubated with 4 moles of PCMB per 10° g of the 


* This work was supported by a United States Public Health 
Service research grant A-4233 from the National Institute of 
Arthritis and Metabolic Diseases, by a grant from the Ministry of 
Education of Japan to the Research Group on ‘Structure and 
Function of Muscle Protein.”’ 

1 Abbreviations used are: EDTA, ethylenediaminetetraacetic 
acid; PCMB, p-chloromercuribenzoate; TBS, 2,4,6-trinitroben- 
zenesulfonate; TNP, trinitrophenyl. 


protein at 20° for 20 minutes (8). Divalent cations released 
from myosin A were removed by twice repeating the precipita- 
tion of myosin A with 20 volumes of deionized water at pH 6.7 
and then dissolving the precipitate in 0.6 m KCl. Then the 
myosin A was incubated with 160 moles of cysteine per 10° g of 
the protein at pH 7.6 to 8.0 for 6 hours. Cysteine was removed 
by dissolving myosin A after its precipitation, twice with 20 
volumes and once with 10 volumes of deionized water, unless 
otherwise stated. During the process the temperature was kept 
below 3°. 

TNP-myosin A was obtained by the reaction of fresh myosin 
A with TBS under the condition described in the previous paper 
(5). 

ATP was the product of the Sigma Chemical Company. 
Cysteine was the product of the California Corporation for 
Biochemical Research. EDTA and PCMB were commercial 
products of best reagent grade available. TBS was supplied by 
Professor K. Satake, Tokyo Metropolitan University, Tokyo, 
Japan. 

The divalent cation content of myosin A was determined as 
follows. Concentrated HC] (2 ml) and concentrated HNO; (1 
ml) were added to 30 ml of 0.6 um KC] solution containing 0.3 g of 
the protein. The suspension of the denatured protein was 
evaporated gradually to dryness, then heated to 500° for 40 
minutes in an electric furnace. The ashed sample was redis- 
solved in 15 ml of distilled water, and its pH was adjusted to 
about 7 by use of HC] and/or NaOH. The appropriate amount 
of the solution was taken out and the concentrations of Mg** 
and Ca*++ were measured colorimetrically by the Yanagisawa 
method (9). The color was developed by the dye Plasma 
Colinth B, which was purchased from Sumitomo Chemical Com- 
pany, and the change in optical density was measured at 630 
mu. The time after the addition of the dye and the concentra- 
tions of NaOH for the measurements of Ca++ and Mg** were 
carefully controlled, following the original author’s descriptions. 
The linear relation between the quantity of divalent cation and 
the change in optical density was held in the range from 0 to 10 
ug of Ca++ or Mgt+ per 5 ml of final volume. The accuracy of 
this method was in the range of +10%. On the addition of 0 
to 10 ug of Ca++ and/or Mg*> to the solution of ashed myosin 
A, the amount that optical density changed corresponded exactly 
to the divalent cation(s) added. No interference with the color 
development was observed with KCI up to 1 mmole and with 
HgCle up to 5 uwmoles per 5 ml of final volume. The amounts 
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of Cat* and Mg++ in the KCI used were too small to be detected 
by the Yanagisawa method. 

The reaction of PCMB with the SH groups was followed by 
the spectrophotometric procedure of Boyer (10). 

The amount of bound TBS was calculated from absorption at 
345 my with a molar extinction coefficient of 1.45 *« 104 (5). 

ATPase activity was measured in the presence of 0.6 m KCl, 
7 mM Ca++, and 1 mm ATP at pH 7.0 and 20° unless otherwise 
stated. The reaction was stopped by adding trichloroacetic 
acid at measured intervals of time (usually 1, 2, and 3 minutes), 
and the inorganic phosphate liberated was determined by the 
Martin-Doty method. 

The concentration of protein was calculated by multiplying 
the nitrogen content determined by the micro-Kjeldah] method 
by a factor of 6, or it was estimated directly by the biuret reagent. 

RESULTS 

Removal of Divalent Cations from Myosin A—In columns 2 and 
3 of Table I is shown the divalent cation content in myosin A 
after twice repeating the precipitation with 20 volumes of de- 
ionized water. The content of Ca** was higher than of Mg**. 
It was relatively constant at approximately one mole per 2.1 X 
10° g of the protein. Column 4 shows the divalent cation content 
of myosin A after titration of one-half of the SH groups with 
PCMB. These values were too low (below 0.1 to 0.2 mole per 


TABLE I 
Content of Ca** and Mg* tightly bound to myosin A 


Before PCMB After PCMB 


Preparation No. 


Mg** | Ca Mg** + Ca** 


moles/2.1 XK 105 g protein moles/2.1X 105 g protein 


1 0.57 0.95 

2 0.32 0.83 

3 0.46 0.78 

4 0.53 1.01 | <0.1 

5 0.63 1.09 | <0.1 

6 0.59 0.95 | <0.1 

7 0.71 1.07 | <0.1 

8 0.02 

12 | | <0.2* 


* Myosin A was treated by excess cysteine after treatment 
with PCMB. 
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PCMB(moles/105g) 


Fic. 1. Spectrophotometric titration of SH group of myosin A 
with PCMB. Myosin A No.14. O, original; X, after the binding 
of PCMB (4 moles per 10° g of protein) SH groups were recovered 
by cysteine (160 moles per 10° g of protein) and cysteine was then 
removed by the precipitation-solution procedure; @, after the 
treatment with PCMB and cysteine, cysteine was removed by 
dialysis against 0.6 m KCI at pH 7.0 and 0° for 36 hours. 
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pmoles Pj/min./g 


6 ? 8 
PH 
Fig. 2. pH-Activity curve of myosin A-ATPase. Myosin A 
No. 14; 0.6 m KCl, 1 mm ATP, 20°. O, original myosin A; @, 
myosin A free from divalent cations. 


12) 


A 


-SS4 

-log (EDTA) pH 
Fic. 3. Effect of EDTA on ATPase of myosin A free from di- 
valent cations. Myosin A No. 17; 0.6 m KCl, 1 mm ATP, 20°. A. 
Relation between ATPase activity and the concentration of EDTA 


at pH 7.5. B. pH dependence of ATPase activity in the presence 
of 10 mm EDTA. 


2.1 X 10° g of the protein) to be determined precisely by the 
present method. 

Fig. 1 shows the titration by Boyer’s method of the SH groups 
of three myosin A preparations; that is, original myosin A, diva- 
lent cation-free myosin A which was obtained by the method 
described in ‘‘Experimental Procedure,” and divalent cation-free 
myosin A which was further dialyzed against 0.6 m KCl at pH 
7.0 and 0° for 36 hours. As clearly shown in this figure, these 
three preparations contained essentially the same number of 
SH groups. This indicates that PCMB was removed completely 
and that all the SH groups were recovered by the treatment with 
cysteine. 

ATPase of Myosin A Free from Divalent Cations—The ATPase 
activity usually remained the same, but fell to about 50% of the 
original value on some occasions during the procedure for the 
removal of divalent cations. This was probably due to myosin 
A-ATPase becoming susceptible to denaturation with the treat- 
ments by PCMB (8) and cysteine (11). The ATPase activity 
of myosin A free from divalent cations was enhanced by the 
addition of Ca++ to almost the same extent as the original one. 
Addition of 7 mm Ca** nearly doubled the activity. As indi- 
cated in Fig. 2, the curves showing dependence of ATPase activ- 
ities on pH, both in the original myosin A and in the myosin A 
free from divalent cations, showed a characteristic depression 
near the neutral region. 

Fig. 3 shows that the ATPase activity of myosin A free from 
divalent cations is increased by EDTA in a manner similar to the 
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2 4 8 
PCMB (moles /105g) 


Fic. 4. Effect of PCMB on ATPase of myosin A free from di- 


PCMB (motes 105g) 


valent cations. 0.6 m KCl, 1 mm ATP, pH 7.5, 20°. O, original 
myosin A No. 11; @, myosin A No. 28 free from divalent cations. 
A. Ca**. B. No divalent cation added. 


pmoles Pi/min./g 
Sejowrl 


: 


1 1 
I 2 3 
TBS (moies/2.1 x 105g) 


Fic. 5. Effect of TBS on ATPase activity of fresh myosin A in | 


0.6m KCl. Myosin A No. 21; 0.6 m KCl, 1 mm ATP, pH 7.0, 20°. 
A, 7 mm 4, 2 mm Mg**. 


original myosin A. At pH 7.5, the addition of 10 mm EDTA led 
to approximately a threefold increase in the ATPase activity of 
myosin A free from divalent cations. In the presence of EDTA, 
the pH-activity curve of myosin A free from divalent cations 
did not show a depression in the neutral region as in the case of 
original myosin A. In Fig. 4 are shown the effects of PCMB on 
the ATPase of myosin A free from divalent cations and on that 
of the original myosin A, both in the presence (A) and the ab- 
sence (B) of Ca++. This figure shows that the removal of diva- 
lent cations did not substantially change the properties of 
ATPase activity in the presence of PCMB. As already shown 
by Kielley and Bradley (4), in the presence of Ca** the titration 
of one-half of the total SH groups led to increased ATPase 
activity of both myosin A preparations, with inhibition at high 
concentrations of PCMB. In the absence of Ca** only slight 


activation was observed at lower concentrations of PCMB. 
ATPase of TN P-Myosin A—In the previous paper (5) it was 
shown that in the presence of 0.8 mM KCl and 7 mm Ca**, ATP- 
ase activity decreases to about 30% of the original, in propor- 
tion to the amount of bound TBS up to 1 mole per 2.1 « 10° g 
of myosin A. This diminished activity remains constant on 
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ox 


log v(ymoles Pj/min./g) 


Fic. 6. Activity as a function of temperature for ATPase 
Myosin A No. 22; 10 mm Mg**, 1 mm ATP, pH 7.0. O, 1.16 mole 
of TBS per 2.1 X 10° g of protein, 0.6 m KCI; X, 1.16 moles of TBS 
per 2.1 X 10° g of protein, 0.1 m KCl; @, 4 moles of PCMB per 105 
g of protein, 0.6 m KCl. 


further binding of TBS. In the present experiments, as shown 
in Fig. 5, in the presence of 0.6 m KCl and 7 mm Ca++, ATPase 
activity was increased slightly by the binding of 1 mole of TBS 
per 2.1 X 10° g of myosin A, and on further binding of TBS it 
decreased gradually. In the presence of 2 mm Mg**, ATPase 
activity was increased remarkably by the binding of 1.5 moles 
of TBS per 2.1 X 10° g of the protein.2, The ATPase activity 
of TNP-myosin A was independent at various temperatures on 
concentration of KCl in the range from 0.1 to 0.6 m (Fig. 6), 
although the percentage of stimulation by TBS increased with 
increase of KCl concentration. Similar results were also ob- 
tained with myosin A-ATPase activated by PCMB.3 As men- 
tioned above, in the presence of Mg*++ the ATPase activity in- 
creased with the increment of TBS binding. However, the 
Michaelis constant, Kn, of the ATPase decreased with the in- 
crement of TBS binding: the A, values of the original and TNP- 
myosin A (2.2 moles of TNP per 2.1 X 10° g of the protein) 
were 6.72 mM and 1.17 X 10-° M, respectively. Fig. 6 
shows the Arrhenius plots for ATPases in the presence of 10 
mM Mg*+ of TNP-myosin A and myosin A activated by PCMB. 
In the temperature range from 3 to 28°, the dependence of these 
ATPases on temperature obeyed the Arrhenius equation, and 
the activation energies were 4.1 and 6.8 kilocalories, respectively, 
for TNP-myosin A and myosin A activated by PCMB. 

As shown in Fig. 7, when 1 mole of TBS became bound to 
2.1 xX 10° g of myosin A, the pH-activity curve showed only a 
slight depression at the neutral pH region. Figs. 8 and 9 show, 
respectively, the effects of EDTA and PCMB on the ATPase 
of TNP-myosin A. The percentage of stimulation by EDTA 
decreased with the increase of the amount of TBS bound to 
myosin A, and when about 1.5 moles of TBS were bound to 2.1 


2 From the relation between the amount of bound TBS and 
ATPase activity in the presence of 0.3 m KCl and 7 mm Ca™, 
TBS binding on this myosin A preparation seemed to be somewhat 
nonstoichiometric. 

3 J. Yoshimura, unpublished observations. 
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x 10° g of myosin A, ATPase was not appreciably activated by 
the addition of 10 mm EDTA (Fig. 8).4 Furthermore, the 
ATPase activity of TNP-myosin A was unchanged until one- 
half of the SH groups were titrated by PCMB, and completely 
prevented when the SH groups were entirely titrated (Fig. 9). 


DISCUSSION 


Friess et al. (3) have shown that myosin A contains divalent 
cations. In spite of their claim, the discrimination between 
Ca++ and Mg** seems to be unattainable by their method (12). 
Hasselbach (13) has recently reported that the content of Catt 
in myosin A treated with EDTA was higher than that of Mgt+ 
and was about 1 mole per 2.0 « 10° g of the protein, which is 
equal to the value for our purified myosin A. As described 
above, the divalent cations tightly bound to myosin A could be 
removed by washing after the blocking of about one-half of the 
SH groups by PCMB. This result seems to suggest that the 
SH groups of the protein are involved in the binding of the di- 
valent cations. However, the conformation of the myosin A 
molecule may change by the binding of PCMB. This view 
may be supported by the following results: (a) myosin A treated 
with PCMB is more susceptible to denaturation by urea than 
the original myosin A (8); (b) the thermal inactivation of myo- 
sin A-ATPase is highly sensitive in the presence of PCMB (14); 
and (c) titration of SH groups of myosin A with methyl mercuric 
hydroxide causes the transformation of myosin A to a faster 
sedimentation peak.’ Therefore, the binding of PCMB to SH 
groups May cause a conformational change in the myosin A 
molecule and lead to release of the tightly bound divalent cat- 
ions. As described above, in myosin A obtained by treatments 
with PCMB and cysteine, the divalent cation content was lower 
than 0.1 to 0.2 mole per 2.1 x 10° g of the protein, and the SH 
group content was equal to that of the original myosin A. No 
significant difference was observed between the original myosin 
A and myosin A free from divalent cations in the properties of 
ATPase, such as the pH-activity curve and the activation by 
Ca++, PCMB, or EDTA. These results clearly indicate that 
the “intrinsic’”’ divalent cations in the myosin A molecule do not 
participate in the activation of ATPase by the addition of 
EDTA or PCMB, although Friess et al. (3) and Kielley and 
Bradley (4) have suggested such a mechanism. EDTA may 
bind to cationic groups in the myosin A molecule. 

When 1 mole of TBS became bound to 2.1 X 10° g of the pro- 
tein, the typical depression of the pH-activity curve around the 
neutral region and the activation by EDTA or PCMB disap- 
peared. These results strongly indicate that the binding site 
of TBS is closely related to that of EDTA or PCMB. One of 
the present authors (6, 15) has proposed the following reaction 
scheme for myosin-ATPase: 


E+ ATP = £,ATP — E + ADP + P; 


E,ATP 


where FE is the functional unit of the enzyme containing two 
kinds of sites, 1 and 2. When ATP binds to site 1, it is hydro- 
lyzed; and when it binds to site 2, a stable enzyme-substrate 
complex (Z,ATP) is formed. EDTA and PCMB bind to site 2 


‘When 2 to 3 moles of TBS were bound to 2.1 10° g of myosin 
A, ATPase was remarkably inhibited by the addition of EDTA. 
The mechanism of this phenomenon is not yet clear. 

*D. R. Kominz, personal communication. 
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PH 
Fic. 7. pH-Activity curve of TNP-myosin A. Myosin A No. 
19; 1.04 moles of TBS per 2.1 X 10° g of protein. 0.6m KCl, 1 mm 
ATP, 20°. 
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Fic. 8. Effect of EDTA on ATPase of TNP-myosin A. Myosin 
A No. 17; 0.6 m KCl, 1 mm ATP, 10 mm EDTA, pH 7.0, 20°. O 
original myosin A; @, 1.6 moles of TBS per 2.1 X 10° g of protein 
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2 ISOOF 
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PCMB(moles/105g) 

Fic. 9. Effect of PCMB on ATPase of TNP-myosin A. Mvosin 
A No. 21; 0.6 m KCl, 7 mm Ca**, 1 mm ATP, pH 7.0, 20°. O, 
original myosin A; @, 1.35 moles of TBS per 2.1 X 10° g of protein; 
xX, spectrophotometric titration of SH group of TNP-myosin A 
with PCMB. 


and increase the activity and the A,, of ATPase by hindering 
the formation of F2ATP. In the absence of these modifiers, 
the pH-activity curve of ATPase shows depression around the 
neutral region because of the pH-dependence of the reaction 
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FE,ATP = FeATP. According to this mechanism the properties 
of ATPase of TNP-myosin A may be explained either by the 
assumption that TBS binds to site 2 or by the assumption that 
the equilibrium of the reaction ATP E.,ATP is shifted ex- 
ceedingly to the left side by the combination of TBS with some 
site other than site 2. If the first mechanism is valid, the ac- 
tivity and the A,, should be increased by the binding of TBS 
with myosin A. In the previous paper (5) it was shown that 
2.1 x 10° g of myosin A contain 1 mole of lysyl e-amino group 
which is located near the SH group and specifically reacts with 
TBs. It has been assumed that TNP conjugates intramolecu- 
larly with the adenine base of ATP on the protein surface, be- 
cause the AK, is decreased by the binding of TBS with the spe- 
cific amino group of myosin A. As described above, even when, 
in the presence of Mg*~, ATPase activity was enhanced by the 
binding of TBS, the value of A,, decreased. Therefore, it may 
be more reasonable to adopt the second mechanism rather than 
to conclude that TBS binds to site 2. 

The effect of TBS on myosin A-ATPase depends greatly on 
ionic strength and the addition of divalent cations. As reported 
previously (5), in the presence of 0.3 m KCl and 7 mm Ca**, 
ATPase is inhibited stoichiometrically by the binding of TBS. 
On the contrary, in 0.6 m KC! it is slightly activated by the 
TBS binding in the presence of 7 mm Ca**, and is remarkably 
activated in the presence of 2 mm Mg~*. Bowen and Kerwin 
(2), Greville and Needham (16), and Yoshimura’ have shown 
that in the presence of Ca~~ or Mg~* the percentage of stimula- 
tion of ATPase activity due to EDTA, phenylmercuric acetate, 
or PCMB increases with KC] concentration. According to the 
mechanism mentioned above, the effect of TBS on ATPase 
activity is due to the counterbalance between the decrease of 
the activity and the A,, caused by the conjugation of TNP 
with the adenine base of ATP and the increase of the activity 
and the A,, caused by the interruption of the binding of ATP 
to site 2. Thus, at lower ionic strength the former is larger 
than the latter, and ATPase activity is inhibited by the binding 
of TBS. On the contrary, at higher ionic strength the latter is 
larger than the former, and ATPase activity is enhanced by 


TBS. 


SUMMARY 
1. The concentration of Ca~~* tightly bound to myosin A is 
higher than that of Mg**, and is 1 mole per 2.1 X 105 g of the 


protein. 
2. These divalent cations tightly bound to myosin A can be 
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removed by the titration by p-chloromercuribenzoate of one- 
half of the SH groups of myosin A. The SH groups titrated by 
p-chloromercuribenzoate can be recovered by treatment with 
excess cysteine. 

3. There is no difference between myosin A free from divalent 
cations and the original myosin A with regard to the properties 
of ATPase, such as dependence on pH and the activation by 
Ca**, ethylenediaminetetraacetic acid, or p-chloromercuriben- 
zoate. 

4. As shown in the previous paper of this series, there is ] 
mole of lysyl e-amino group per 2.1 x 10° g of fresh myosin A 
which is specifically attacked by 2,4,6-trinitrobenzenesulfonate. 
In 0.6 m KCl, adenosine triphosphatase activity is slightly acti- 
vated in the presence of Ca*+ and markedly activated in the 
presence of Mg*~> by the binding of trinitrobenzenesulfonate to 
the specific lysine. 

5. Adenosine triphosphatase of trinitrophenyl myosin A does 
not show a depression near the neutral region in its pH-activity 
curve and is not activated by the addition of ethylenediamine- 
tetraacetic acid or p-chloromercuribenzoate. 
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Harbury and Foley (2) have reported evidence of interaction 
between isoalloxazine derivatives and several compounds of 
biological interest. Shortly thereafter, complexes of tryptophan 
or derivatives with riboflavin and with pteridines were described 
by Isenberg and Szent-Gyérgyi (3) and by Fujimori (4). 

Kosower (5) found that pyridinium salts form charge transfer 
complexes and suggested that the increased absorption with a 
flat maximum near 360 muy in the spectrum of glyceraldehyde 
phosphate dehydrogenase-diphosphopyridine nucleotide com- 
plex (6-10) might be a charge transfer band. 

This paper describes the charge transfer interaction of the 
oxidized pyridine coenzymes or of their model, 1-benzyl-3-car- 
boxamide-pyridinium chloride, with tryptophan and other indole 
derivatives. Our results strongly indicate that the 360 my 
band in the spectrum of glyceraldehyde-3-phosphate dehydro- 
genase-DPN compound is a charge transfer band, as tentatively 
suggested by Kosower (5); it arises from a charge transfer inter- 
action between an indole side chain of the enzyme and the py- 
ridintum ring of DPN. Taken with other facts, they support 
the hypothesis tentatively put forward by Velick (11) that the 
coenzyme is bound at the top or bottom of a tryptophan “stack” 
in the enzyme. 

A preliminary account of the earlier results has appeared (12). 
Almost simultaneously, Isenberg and Szent-Gy6rgyi (13) re- 
ported evidence of complexing by the respiratory coenzymes 
and briefly referred to the existence of the tryptophan-DPN 
and tryptophan-TPN complexes. 


EXPERIMENTAL PROCEDURE 


Materials—pu-Tryptophan and L-tryptophan (Eastman Or- 
ganic Chemicals), glycyltryptophan (Nutritional Biochemicals 
Corporation), acetyl-L-tryptophan (H. M. Chemical Company, 
Ltd.), serotonin creatine sulfate (Sandoz Chemical Works Inc.), 
yohimbine hydrochloride (Red Star Yeast and Products Com- 
pany) needed no further purification. Indole (Schering-Kahl- 
baum, A. G., Berlin) (m.p., 50°) was recrystallized from water. 
Indole-3-acetic acid (m.p., 167°) was recrystallized from chloro-. 
form. 

BCP! was prepared according to Karrer and Stare (14). The 


: This work is taken from a thesis to be submitted by P. Tedes- 
chi to the Universidade de Sao Paulo in partial fulfillment of the 
requirements for the degree of Doctor of Sciences. 

t Part III, Cilento, G. (1). 

t Formerly Paola Giusti. 

‘The abbreviation used is: BCP, 1-benzyl-3-carboxamide- 
pyridinium chloride. 


product was several times recrystallized from aqueous acetone 
(m.p., 234°; reported (14) 236°). The preparation of 1-benzyl- 
3-acetyl-pyridinium chloride (m.p., 189°) was described in an 
earlier paper (15). 1-Benzyl-3-cvano-pyridinium chloride is a 
new compound which was prepared by refluxing 10.4 g of 3- 
eyanopyridine and 11.5 g of benzy] chloride in 140 ml of methanol 
for 2} hours. The methanol was removed by distillation and 
the crystals dissolved in a small amount of ethanol. Addition 
of acetone gave tiny colorless needles (m.p., 205-206°; decompo- 
sition point). 
Ci3Hi;Ne2Cl (230.69) 
Calculated: Cl, 15.36 
Found: Cl, 15.36, 15.11, 15.11 


DPN and TPN were trom Sigma Chemical Company. Chy- 
motrypsinogen was lot CG 438-9 of Worthington Biochemical 
Corporation. 

Analytical Methods—A}\ solutions were made up by weight; 
water or aqueous buffers were used as solvents. In the ease of 
some indole derivatives, the concentration was also checked by 
ultraviolet absorption with data of McMenamy and Oncley (16). 

All spectral measurements were carried out in a Beckman 
model DU quartz spectrophotometer at room temperature (25° 
+ 2°). For the determination of the equilibrium constant, 
Corex cells of 1-em optical path were used. The final volume 
was 3 ml. We found that direct pipetting from the master so- 
lutions to the spectrophotometer cells gives reasonably repro- 
ducible results; in the case of certain derivatives, because of the 
small amount available, this was the only procedure feasible. 

Since the complexes absorb light in a region in which the 
partners show negligible absorption, the equation of Foster, 
Hammick, and Wardley (17) was employed; the concentration 
of the indole compound, usually 1.5 to 3 x 10-3 M, was kept 
constant, and the concentration of the freely soluble pyridinium 
salt was varied approximately from 0.5 m to 0.04 m. In some 
instances, the pyridinium salt showed considerable absorption; 
it can easily be shown that the equation of Foster et al. (17) can 
still be applied, provided that one uses the increment AOD of 
the absorption. 

In the case of the complex-L-tryptophan-DPN, a much better 
determination of A, the association constant, was possible by 
plotting the data according to the equation: 


= |trvptophan) K —K 


1 1 
[DPN] AOD 


This equation was deduced as usual (4). 
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340 360 380 400 
Fic. 1. The absorption spectrum of L-tryptophan in the pres- 
ence of DPN. Two 1-ml volumetric flasks each contained 56.5 mg 
of DPN and 7.5 mg of NaHCO ; one was filled up with a 1.71 X 
10-2 M tryptophan solution; the other was filled up with water and 
was used as blank. pH = 5.2. Optical path,0.05 em. Dotted line 


shows tryptophan absorption. 


100 


OPTICAL DENSITY 


° 


300 320 340 
A, 


Fic. 2. The absorption spectrum of tryptophan in the presence 


360 380 


of BCP. [BCP] = 0.133 [tryptophan] = 144 Blank, 
a 0.133 mM solution of BCP. Optical path, 0.05 em. Dotted line 
shows the absorption of 1.44 X 10° m solution of tryptophan. 


RESULTS 


Addition of DPN or TPN or of their model compound BCP 
to an aqueous solution of tryptophan develops instantaneously 
a faint vellow color. Spectroscopic examination indicates the 
appearance of a new, quite diffuse band as a long extension on 
the side of the longer wave length of the indole nucleus absorp- 
tion (Figs. 1 and 2). Because of this overlap, the position of the 
maximum of the new band cannot be known; in fact, the indole 
nucleus absorption is expected to vary as the free molecule is 
transformed to the complex. Simple considerations indicate 
that the indole nucleus absorption is shifted to the red and the 
new maximum being around 350 mu. 

Specificity of Complex Formation—By both visual and spectro- 
scopic criteria, tryptophan could be replaced by any of the indole 
derivatives tested. 

On the other hand, the two other pyridinium salts tested, 
1-benzy1-3-acetyl-pyridintum chloride 1-benzyl-3-cyano- 
pyridinium chloride, can be used for complex formation. 

Tryptophan is the only amino acid which can produce with 
DPN, TPN or models, a charge transfer band which extends 
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into the visible region. Phenylalanine and tyrosine undergo 
spectral alterations in the presence of BCP; careful spectroscopic 
examination suggests that they, too, contrary to early belief 
(12), may form a charge transfer complex. This point is being 
investigated further. 

Next we looked for spectral evidence of bonding between the 
pyridinium ring of DPN or model with indole side chains of pro- 
teins. We found the best evidence in the case of chymotryp- 
sinogen, a protein of high tryptophan content (18). Preincuba- 
tion of the protein with urea for a few hours was necessary, 
The yellow color is hardly affected at low pH values, at which 
reactivity of other amino acids is out of question. Hence there 
is no doubt that the interaction involves indole side chains of 
the unfolded protein. 

Association Constants—Under the conditions employed, the 
complexes of indole derivatives and BCP are formed in a 1:1 
ratio. In fact a plot of OD/[BCP] against OD gives a straight 
line. To fit the data, the method of least square was used. A 
representative example is shown in Fig. 3. Values of the associa- 
tion constant, A, and of the molar extinction coefficient at some 
wave lengths, are reported in Table I. With the limited amounts 
of DPN available to us, no more than an estimate of K for its 
complex with tryptophan could be secured; a plot of 1/[DPN] 
against 1/AOD4o0 indicates that K is of the expected order of 
magnitude (Fig. 4) and in a 1:1 ratio. 

Despite repeated efforts, we could not obtain reproducible 
values for the association constant of tryptophan with 1-benzyl- 
3-acetyl-pyridinium chloride, a model for 3-acetylpyridine- 
*DPN. 

When the carboxamide group in BCP is replaced by a cyano 
group, a stronger complex is formed with tryptophan. From 
data at 340 muy, K is 4.9 1 mol! and ¢ is 890. 

Preparation of Compleres—A few milliliters of an aqueous 


ODs70/[BCP] 5 


0.2 0.6 
Fic. 3. Spectrophotometric determination of the association 

constant for the complex of L-tryptophan with BCP in water. 

The amino acid concentration, 1.22 X 10-* Mm, was kept constant 

and [BCP] was varied from approximately 0.5 m to 0.04 m. Optical 


path, 1 cm. 
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solution of DPN were very well shaken with the indole com- 
pound. The filtered solution was placed in a porcelain evaporat- 
ing dish which was kept at room temperature over CaCl, in an 
evacuated desiccator. In every case, at dryness a yellow film 
formed at the bottom. The leaflets which resulted from breaking 
the film are isotropic when examined at the polarizing micro- 
scope. Debye-Scherrer diagrams of the DPN-.-tryptophan 
complex indicate that the substance is amorphous. The same 
behavior was shown by the colorless leaflets from a DPN film 
similarly prepared. 


DISCUSSION 


The formation of complexes between the oxidized pyridine 
coenzymes or models and indole derivatives is characterized by 
the appearance of a new absorption band which is most cer- 
tainly of the Mulliken type (19). This means that by absorp- 
tion of light of appropriate wave lengths, an electron goes from 
the highest filled orbital of the donor to the lowest empty orbital 
of the acceptor; in the ground state, only a small fraction of the 
electron is transferred. In fact, this association of the pyri- 
dinium ring with the indole nucleus seems to be the most le- 
gitimate example of a Mulliken complex between biochemicals. 
It finds a theoretical explanation in the quantum mechanical 
calculations of the Pullmans (20, 21) which indicate that in 
DPN the lowest empty orbital is a relatively low lying one and 
in tryptophan the highest filled orbital is a relatively high energy 
level. This means that DPN is an excellent electron acceptor 
and tryptophan a moderately good donor. The calculations 
further show that of the aromatic amino acids, tryptophan should 
be by far the best donor. This explains at once why only this 
amino acid forms a colored charge transfer complex with DPN. 

Table I shows that, as expected, the weakest and strongest 
complexes of BCP are formed by those indole derivatives which, 
under the conditions of the experiment, are cationic or anionic, 
respectively. 

The appearance of a charge transfer band upon addition of 
DPN or BCP to a solution of urea-denaturated chymotryp- 


TABLE I 


Data for complexes of 1-benzyl-3-carboramide pyridinium chloride 
with indole and derivatives* 


Associa- | Molar extinction coefficient 
Conditions 
1.mol"! | €370 €380 €390 €400 
Indole Water 890 560 
Water 2.47 | 640 
L-Tryptophan Water | 2.52 790 650) 540} 430 
Water 2.20 800. 
Yohimbine pH 4.00 | 1.42 © 690 
pH 2.2 | 1.41 | 690 
Acetyltryptophan pH 6.5 5.00 | 480 
pH 6.5 4.73 © 530 
Glyeyl-L-tryptophan pH 6.6 2.98 | 510 
pH 6.1 | 2.92 | 530 
Indole-3-acetic acid | pH 6.7 | 4.09 | 1230 | 1060 | 880 | 730 
pH 6.3 4.41 | 710 
Serotonin pH6.4 | 1.81 | 1610 | 1430 1020 
pH 6.6 | 2.07 | 1260 950 


“Room temperature (25° + 2°). 
’ Aqueous HCl. All the other pH values refer to 1.7 X 1072 
M phosphate. 
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1/(DPN] 
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5 
-4 — 1/ Ao D. 400 

Fig. 4. Spectrophotometric determination of K, the association 
constant for the complex of L-tryptophan with DPN. The amino 
acid concentration, 1.46 X 10-3 Mm, was kept constant. Ordinates: 
the inverse of the molar concentration of DPN. Abscissas: the 
inverse of the increment of optical density at 400 my; that is, the 
excess of absorption over the sum of the optical density of the 
partners. Optical path, 1 cm. 


TABLE II 


Molar extinction coefficients for complex of glyceraldehyde-3- 
phosphate dehydrogenase with DPN and for models 
of this complex* 


Molar extinction coefficient 
Reference 
€0 €360 €370 €400 €405 

Enzyme-DPN 1760° (6) 

840 (7) 

| 3000 (8) 

(9) 

| 500° 300¢ (10) 

/1080¢ 13002 | 9004 (10) 

— 790 540 (22) 

| 1000° 400¢ (23) 

| 1150/ 600/ (24) 
Enzyme-3-acetylpyri- 12002 (10) 

dine-*DPN | | 

Tryptophan-DPN | | 400 This work 
Tryptophan-BCP 960 | 800 | 430 This work 
Serotonin-BCP | 1610 /|1020 This work 


¢ The minimal combining weight of the enzyme here employed 
is 45,000 (11). 

>’ Calculated from Fig. 1 in (6). 

¢ Calculated from Fig. 5 in (10), assuming that the enzyme was 
saturated with DPN. 

@ Calculated from Fig. 6 in (10), assuming that the complex was 
completely broken by the amount of iodoacetic acid added. 

¢ Calculated from Fig. 6 in (23). 

4 Calculated from Fig. 2 in (24). 

9 Calculated from Fig. 8 in (10), assuming that the enzyme was 
completely saturated with the analogue of DPN. 


sinogen is of considerable interest. It means that, like ribo- 
flavin (3), pyridinium derivatives also can interact with indole 
side chains of proteins. Hence these biochemicals are promising 
tools for detecting exposed tryptophan residues in proteins. 
The spectra of the pyridinium-indole complexes strongly 
resemble the spectrum of the DPN complex with the enzyme 
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2. Values of the association constants and of the molar ex- 
tinction coefficients of the complexes for aqueous solutions have 
been determined spectrophotometrically. 

3. The complexes of diphosphopyridine nuleotide have been 


glyceraldehyde-3-phosphate dehydrogenase reported by Racker 
and Krimsky (6). Table II shows that the absorption intensi- 
ties also are similar. This indicates that the 360 my broad 
maximum in the enzyme-coenzyme complex results from a 


charge transfer interaction between the pyridinium moiety of 
DPN molecules and indole nuclei of the enzyme. Now, the 
development of the broad maximum requires thiol groups in 
the free reduced state, and for this reason, Racker and Krimsky 
(6) postulated that the 360 my maximum is connected with an 
addition of an —SH group to the pyridinium ring. This ob- 
viously is not necessarily so (7, 8, 11, 25, 26). Further, the 
spectrum of the 3-acetylpyridine-*DPN-enzyme complex is only 
partially depressed by iodoacetate (10). Moreover, the very 
broad contour of the band suggests a loose bonding in the ground 
state which allows considerable relative movement of the com- 


prepared in the form of vellow, amorphous leaflets. 


4. The spectral behavior of the system diphosphopyridine 


nucleotide-indole derivatives is similar to that of the system 
diphosphopyridine nucleotide-glyceraldehyde-3-phosphate de- 
hydrogenase. 


5. Diphosphopyridine nucleotide appears to be bound at a 


tryptophan stack in the enzyme. 
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unlikely, for then the band would be expected in the ultraviolet — 1, CitEnvo, G., Arch. Biochem. Biophys., 88, 352 (1960). | 
region and not at the edge of the visible. Thus, Amax of the 2. Harsury, H. A., anp Fotry, K. A., Proc. Natl. Acad. Sci. 


charge transfer band of 3-carbomethoxy-l-methylpyridinium 


U.S., 44, 662 (1958). 


cation-iodide anion complex occurs at 272 mu (28), and in the =? ISENBERG, I., aND SzeNT-GyOrGyI, A., Proc. Natl. Acad. Sci. | 
same region should occur A max for the complex in which the iodide g Acad. Sci. U. S., 45, 133 (1959) 
ion is substituted by the ion HS~ or the group R—S~; thus, ight 5. KosowER, E. M., J. Am. Chem. Soc., 78, 3497 (1956). 
of the same wave length is required for the transfer of an electron 6. Racker, E., anp Krimsky, I. K., J. Biol. Chem., 198, 731 
from I- or HS- to water (Amax = 226 to 227 mu) (29). (1952). eee ' 
The occurrence of the pyridinium-indole interaction raises (Editors), 
the possibility that glyceraldehyde-3-phosphate dehydrogenase Symposium on the mechanism of enzyme action, Johns Hop- 
is acylated at an indole nucleus. That V-acyl indoles are easily kins Press, Baltimore, 1954, pp. 434-438. 
deacylated has long been known (30-32). Further, preliminary 9. F pon J. mee R., AND DANDLIKER, W. B., J. Biol. Chem., 221, 
indole compound to its N-acetyl deris ative, the 230 to 290 mu Arch. Biochem. Biophys., 69, 441 (1957). 9 
difference spectrum is by far dominated by a strong band near 41. Veicx, S. F., J. Biol. Chem., 283, 1455 (1958). ' 
240 my just as is the 230 to 290 mu difference spectrum of the 12. C1LenTo, G., anp Giusti, P., J. Am. Chem. Soc., 81, 3801 * 
acylated enzyme (33). Very interestingly, the resemblance is (1959). os 
even closer with the difference spectrum obtained by adding 13. ~~ — A., Proc. Natl. Acad. Sei. . 
H0; to the DPN-containing enzyme (8). 14. Kanner, P., anv Srane, F. J., Helv. Chim. Acta, 20, 418 (1937). | eg 
The charge transfer complexing of the pyridinium ring of 15. Crtenro, G., J. Org. Chem., 24, 2015 (1959). on 
DPN with an indole side chain of the enzyme will also explain 16. re ee R. H., anp Oncrey, J. L., J. Biol. Chem., 238, 10 
why the fluorescence of the is quenched by — of the 17. 
coenzyme (11). Thus the tryptophan complexes with DPN or Soc., 3817 (1953). . 
TPN show no emission when irradiated by near ultraviolet light 4g. Wi1cox, P. E., Conen, E., anp WEN TAN, J. Biol. Chem., 228, (4 
(13). Now, in view of the large tryptophan content of the en- 999 (1957). le 
zyme (11), to explain the quenching it seems necessary to assume 19. Mutirxen, R.S., J. Am. Chem. Soc., T4, 811 (1952). - 
that the indole rings are close and parallel to each other. This 72: P ca po ag Putian, A., Proc. Nail. Acad. Sci. U. 8, Po 
possibility was already considered by Velick (11), who pointed 9) purtman, B, AND PULLMAN, A., Proc. Natl. Acad. Sci. U. 8, 3 ¢ 
out in favor of it that no depolarizing interactions are observed 45, 136 (1959). the 
in the fluorescence of the tryptophan of the protein. 22. a oe V., AND ScuramM, M., J. Biol. Chem., ii 
In conclusion, the charge een pyridi- A.. J. Biol. Chem., 284, 1286 (1959). 
nium rings and indole nuclei may well be of even broader sig- 24. STocKELL, A. J. Biol. Chem., 234, 1293 (1959). 7 
nificance. Extending Szent-Gyérgyi’s (34) ideas, it appears 95. Veuicx, S. F., in W. D. McELroy anp B. Grass (Editors), ma: 
that certain biologically active indole derivatives may control Symposium on the mechanism of enzyme action, Johns Hop- wit 
reactions in which pyridinium coenzymes, flavin, and pteridine kins Press, Baltimore, 1954, p. 517. wad 
compounds take part. 26. STRITTMATTER, P., J. Biol. Chem., 233, 748 (1958). ha 
27. OrGEL, L. E., Quart. Revs., (London), 8, 422 (1954). cha 
SUMMARY 28. Kosower, E. M., anp Bursacn, J. C., J. Am. Chem. Soc., 78, ‘ 
1. The oxidized pyridine coenzymes and their model, 1- 99 hewmctoeing 4 L., J. Chem. Phys., 21, 319 (1953). Uni 
benzyl-3-carboxamide-pyridinium chloride, form charge transfer 30. Magima, R., AND SuHiGematsv, T., Ber., 57, 1449 (1924). ee 
complexes in a 1:1 ratio with tryptophan and other indole deriva- 31. KruseEr, O., Ber., 59, 2752 (1926). mech 
tives. 32. SAxTON, J. E., J. Chem. Soc., 3592 (1952). si 
33. HartIna, J., aND CHANCE, B., Federation Proc., 12, 714 (1958). p 
2 Obviously, strong binding occurs at other places (11, 23). 34. Szent-Gybreyi, A., Discussions Faraday Soc., 27, 111 (1959). “6 


731 


ors), 
Hop- 


Tue JOURNAL OF BroLoGicaL CHEMISTRY 
Vol. 236, No. 3, March 1961 
Printed in U.S.A. 


The Reduction of Ceruloplasmin by the 
Electron Transport System* 


I. CHRISTINE BROWN AND JAMES B. WHITE. Jr. 


From the Brain Research Laboratory, Department of Psychiatry, University of Tennessee, M emphis, Tennessee 


(Received for publication, July 22, 1960) 


While studying the oxidase properties of the blood copper pro- 
tein ceruloplasmin, a solution of this material, kept in a sterile 
vial at 5°, was inadvertently contaminated with Paracolon bacil- 
lus. Two weeks later, the deep blue color, characteristic of 
ceruloplasmin, had disappeared. When air was admitted to the 
vial, the blue color instantaneously returned. The observed 
changes in color were shown to be due to reduction of the copper 
protein by the cytochrome systems of the bacteria, and subse- 
quent reoxidation by molecular oxygen. It was also shown that, 
under anaerobic conditions, heart muscle preparations could also 
reduce ceruloplasmin in the presence of succinate and cytochrome 
c. These observations were extended to a variety of substrates 
and inhibitors of the electron transport system and are reported 
in the following paper. 


EXPERIMENTAL PROCEDURE 


In preliminary experiments, ceruloplasmin was isolated from 
fresh pig serum as specified by Holmberg and Laurell (1) and was 
purified further on hydroxylapatite columns (2). As the work 
progressed, commercial preparations! were used. Ceruloplasmin 
RC was 60% pure, had 10.95 mg of protein, and 22 ug of copper 
per ml. Preparation M was 80°% pure, contained 11.94 mg of 
protein, and 32 wg of copper per ml. The copper content was 
calculated from the purity data with the use of 0.34%. In all 
experiments ceruloplasmin concentrations were corrected to 
100% purity. 

Pig heart particle suspensions were prepared from fresh pig 
heart by the Keilin-Hartree procedure (3) as modified by Smith 
(4). The nitrogen content of each suspension was determined 
by a micro-Kjeldahl technique (5). Succinic oxidase activity 
was measured manometrically by the procedure of Schneider and 
Potter (6). At 5°, the heart muscle particles were stable for 2 or 
3 days. DPN, cytochrome c, and DPNH were obtained from 
the Sigma Chemical Company. Reduced cytochrome c was pre- 
pared with hydrogen over palladium asbestos (7). Antimycin A 
was obtained from the Wisconsin Alumni Research Foundation. 

The oxidized (blue) form of ceruloplasmin has absorption 
maxima at 280 and 605 mu (8). When the protein is incubated 
with heart muscle in the presence of succinate and cytochrome c 
under anaerobic conditions, the 605 peak is diminished. This 
change was used to assay the anaerobic experiments. <A typical 


* This work was supported, in part, by funds received from the 
United States Public Health Service, Grant No. MY 3587. 

‘We are indebted to the American Red Cross Blood Program 
for ceruloplasmin preparation RC, and to the Merck and Com- 
pany, Inc., for preparation M. Some preliminary experiments 
were conducted on ceruloplasmin obtained through the courtesy 
of the Ortho Research Foundation. 
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assay mixture contained 2 ml of ceruloplasmin, 0.3 ml of 0.5 m 
succinate, 0.1 ml of 4 K 10-*m cytochrome c, 0.1 ml of the Keilin- 
Hartree preparation, and 0.1 m phosphate to a volume of 3 ml. 
The pH was 7.4. Changes in optical density at 550 and 605 mu 
were observed in a Beckman model DU spectrophotometer fitted 
with a Thermospacer set at 37°. Succinate was added under’ 
mineral oil with a fine pipette to initiate the reaction. 

Aerobic experiments were conducted in the Warburg respi- 
rometer at 37°. Duplicate flasks contained 0.3 ml of 10-3 m 
AICls, 0.3 ml of 10-3 CaCls, and 0.1 ml of 4 cytochrome 
c, in addition to substrate, heart particles, ceruloplasmin, and 
buffer. The total volume was 3 ml and the pH was 7.4. 


RESULTS 


Fig. 1 shows the change in the absorption spectrum of cerulo- 
plasmin as a result of the incubation with heart muscle particles 
and substrate under anaerobic conditions. DDPNH was the sub- 
strate in this experiment; however, analogous results were ob- 
tained if succinate or reduced cytochrome c served as substrate. 
The change in the absorption spectrum was not observed if heart 
muscle particles and cytochrome ¢ were omitted from the incuba- 
tion mixture. 

In all anaerobic experiments the increase in optical density at 
550 mu, due to the reduction of cytochrome c, occurred within 
the first minute of reaction. In the presence of ceruloplasmin, 
the initial rise at 550 my was followed by a gradual decrease. 
Cytochrome c which had been reduced by hydrogen over palla- 
dium asbestos (7) was also oxidized by ceruloplasmin. 

The change in the absorption spectrum of ceruloplasmin at 
605 my is directly proportional to time. Fig. 2 illustrates data 
obtained as a function of time and concentration of ceruloplas- 
min, with succinate as substrate. Increasing concentrations of 
ceruloplasmin increases the rate of reduction. 

Table I shows data obtained with the use of various respiratory 
inhibitors. Cyanide does not prevent the reduction of cerulo- 
plasmin by succinate and heart particles. However, the reoxi- 
dation by molecular oxygen is inhibited. Carbon monoxide, on 
the other hand, prevents neither the reduction nor the reoxida- 
tion. Holmberg and Laurell (9) have noted previously that 
carbon monoxide does not combine with ceruloplasmin. Since 
both cyanide and carbon monoxide react with the reduced form of 
cytochrome oxidase (10), it appears that the latter is not neces- 
sary for ceruloplasmin reduction. Antimycin A inhibits this 
system as shown in Table I. 

Under aerobic conditions, ceruloplasmin strongly inhibits the 
oxidation of succinate by pig heart particles and, to a lesser ex- 
tent, the oxidation of DPNH. Fig. 3 shows the per cent inhibi- 
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Fic. 1. The change in the absorption spectrum of ceruloplasmin 
when incubated with substrate and Keilin-Hartree heart muscle 
preparation. Optical density was measured in a Beckman model 
DU spectrophotometer, fitted with a Thermospacer set to a con- 
stant temperature of 37°. One-milliliter cuvettes with a light 
path of 1 em were used. O——O, reaction mixture consisted of 
13.14 mg of ceruloplasmin RC, 1.4 K 1075 mM cytochrome c, 0.13 
mg of heart muscle N, 4.7 X 107? m DPNH, and 0.1 m phosphate 
buffer, pH 7.4, in a total volume of 3 ml. A layer of mineral oil 
was placed over the reaction mixture. ©——O, reaction mixture 
with no DPNH added. Incubation time was 1 hour. 


4 OPTICAL DENSITY 


30 40 50 60 
MINUTES 

Fic. 2. The rate of change of optical density at 605 mu when 
ceruloplasmin is reduced by the succinic oxidase system. O©O——O, 
reaction mixture contained 3.29 mg of ceruloplasmin RC, 0.28 
mg of heart muscle N, 0.05 m succinate, 1.4 K 10-5 mM cytochrome 
c, and 0.1 m phosphate buffer, pH 7.4, in a total volume of 3 ml; 
A A, ceruloplasmin concentration 6.57 mg; @——®@, cerulo- 
plasmin concentration 13.14 mg. Other experimental conditions 
are the same as in the legend of Fig. 1. 
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TABLE I 


Effects of respiratory inhibitors on reduction of ceruloplasmin by 
succinic oxidase system, and on re-oxidation by air* 


Reduction of Ceruloplasmin by the Electron Transport System 


Optical density at 605 mu 

Time 
Control | Cyanide | Control CO Control 

min | 
0 0.265 0.240 0.270 0.275 0.230 0.245 
30 0.170 0.143 0.180 0.175 0.120 0.220 
60 0.125 0.100 0.088 0.083 0.030 0.175 

Aerated | 0.200 0.100 | 0.200 0.210 


* The reaction mixture was composed of ceruloplasmin, heart 
muscle suspension, 0.05 mM succinate, 2.7 X 10-5 m cytochrome c, 
and phosphate buffer, 0.1 mM, pH 7.4, in a total volume of 3 ml. 
The cyanide experimental vessel contained 3.3 K 10-4 m KCN, 
13.14 mg of ceruloplasmin RC, and 0.28 mg of heart muscle N. 
Carbon monoxide experiments were flushed with this gas pre- 
vious to addition of substrate and contained 13.14 mg of cerulo- 
plasmin and 0.28 mg of heart muscle N. The antimycin A ex- 
periments contained 0.42 wg of this compound, 19.11 mg of 
ceruloplasmin M, and 0.10 mg of heart muscle N. Other exper- 
imental conditions are outlined in the legend of Fig. 1. 
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tion as a function of ceruloplasmin concentration. Approxi- 
mately 85% of the oxygen uptake of the succinic oxidase system 
ean be inhibited. Fig. 4 shows that increasing succinate concen- 
tration does not relieve the inhibition. In the presence of cerulo- 
plasmin, the maximal velocity obtained with increasing succinate 
concentration does not approach that of the uninhibited reaction, 
The inhibition is apparently due to inactivation of, or irreversible 
combination with, some component of the electron transport 
system. If ceruloplasmin is equilibrated with pig heart prepara- 
tion previous to addition of substrate, the degree of inhibition is 
increased. Fig. 5 illustrates this effect on the succinic oxidase 
system. Results analogous to those shown in Fig. 5 are obtained 
with DPNH as substrate; however, as noted in Fig. 3, the inhibi- 
tion is not as great as that observed with succinate. These 
findings indicate that substrate protects the system, at least 
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Fic. 3. The per cent inhibition of the succinic oxidase system 
and DPNH oxidation by ceruloplasmin. Oxygen uptake was 
measured in the Warburg respirometer at 37°. O©O——O, reaction 
flasks contained 10-4 m AICI;, 10-4 m CaCls, 1.4 10-5 cyto- 
chrome c, 0.05 m succinate, 0.1 ml of 20% KOH in the center well, 


0.1 m phosphate, pH 7.4, and ceruloplasmin RC in the main vessel. — 


Heart muscle equal to 0.03 mg of N was in the side arm. The 
total volume was 3 ml. Equilibration time was 10 minutes. 
@——@, reaction mixture same as above, except that ceruloplas- 
min M was used instead of RC, and 0.05 m DPNH served as sub- 
strate. 


200 400 600 800 
V S 
Fic. 4. The effect of substrate concentration on the inhibition 
of the succinic oxidase system by ceruloplasmin. @——@, reac- 
tion flasks contained 1.97 mg of ceruloplasmin RC and 0.03 mg of . 
heart muscle N; ©——O, no ceruloplasmin added. Substrate 


concentration ranged from 0.0016 to 0.05 m. All other conditions 
have been given in the legend of Fig. 3. 
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partially, from inhibition. The protective effect of substrate is 
also observed under anaerobic conditions. Ceruloplasmin which 
has been inactivated and decolorized by boiling retains its in- 
hibitory properties. Under conditions similair to those shown in 
Fig. 5, 2.87 mg of boiled ceruloplasmin M inhibited succinate and 
DPNH oxidation by 50% and 10%, respectively. 

The aerobic inhibition of the electron transport system is 
probably due to the effects of the copper-protein on the dehydrog- 
enases of the system. Hopkins et al. (11) found that —SH 
group reagents, including copper, inhibited dehydrogenases, and 
that substrate protected against inhibition. On the other hand, 
the copper of ceruloplasmin is firmly bound at pH 7.4 (9).. Also, 
the per cent inhibition (Fig. 3) is not directly proportional to 
ceruloplasmin copper. Anaerobically, the rate of ceruloplasmin 
reduction is increased as the quantities of this material are in- 
creased (Fig. 2). A possible explanation of these observations 
is that copper associated with protein, in the presence of oxygen, 
is mostly in the cupric state and reacts with —SH groups. Under 
anaerobic conditions, the copper-protein complex is rapidly con- 
verted to the reduced form, which cannot combine with dehydrog- 
enases. The results obtained by preincubating ceruloplasmin 
with heart preparations, and the results with boiled ceruloplasmin 
could also be explained in this way. 


DISCUSSION 


Although the data presented in this paper show that cerulo- 
plasmin can act as an electron acceptor for the respiratory chain, 
there is no evidence, as yet, that the reaction occurs in vivo, or 
that it is of any importance to cellular physiology. Among the 
factors which must be known before evaluating the significance, 
if any, of ceruloplasmin to cellular respiration are (a) the oxida- 
tion-reduction potential of the copper protein, (6) the rate at 
which the reduction occurs, and (c) the availability of the pro- 
tein to the cell. Ceruloplasmin is a soluble compound with a 
molecular weight of 151,000, which is found in blood serum at 
concentrations of 15 to 30 mg per 100 ml (12). It is difficult to 
understand how a circulating protein of this size could be made 
available to the morphologically fixed enzymes of the mito- 
chondrial membrane. However, ceruloplasmin has been re- 
ported to occur in tissues other than blood (13). To suggest that 
this copper protein participates in the electron transport mech- 
anism would be premature, as would be the ruling out of the 
possibility. 

The important, but obscure, role of copper in the electron 
transport system is well established (14, 15). In this respect, it 
is interesting to note that the effects of cyanide on ceruloplasmin 
are the same as those reported for cytochrome oxidase (16). 
However, Wainio (16) has suggested that the copper of cyto- 
chrome oxidase is mostly in the cuprous state in the air-oxidized 
enzyme. He has tentatively concluded also that copper does not 
participate in electron transfer but acts simply to bind oxygen to 
or near the electron-transferring heme site. The copper in 
ceruloplasmin (oxidized) is assumed to be in the cupric state, 
since the peak at 605 my disappears upon reduction. It would 
appear, therefore, that a copper-protein complex can undergo 
valence change and act as an electron acceptor for the respiratory 
chain, presumably without the mediation of cytochrome oxidase. 

In hepatolenticular degeneration (Wilson’s disease), a con- 
genital condition, the quantities of ceruloplasmin in the blood of 
afflicted individuals is much lower than normal. Tissue copper 
levels, urinary copper and amino acid levels are high. It is at- 
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Fic. 5. The inhibition of the succinic oxidase system by cerulo- 
plasmin. Oxygen uptake was measured in the Warburg respi- 
rometer at 37°. @——@, reaction vessel contained 10~‘ m AICl;, 
10-4 mM CaCl, 1.4 X 10-5 mM cytochrome c, 0.05 succinate, and 0.1 
M phosphate, pH 7.4, in the main chamber; 0.1 ml of 20% KOH in 
the center well; and 0.03 mg of heart muscle N in the side arm. 
The total volume was 3 ml and equilibration time was 10 minutes 
previous to mixing the contents of the side arm with those in the 
main compartment. © ©, reaction mixture plus 1.97 mg of 
ceruloplasmin RC in the main chamber. §§+——{, reaction mix- 
ture plus 1.97 mg of ceruloplasmin RC equilibrated in the side 
arm with the heart muscle preparation. 


tractive to speculate that the symptomatology of Wilson’s dis- 
ease could be due, in part, to the effects of copper and cerulo- 
plasmin or both on cellular respiration. 


SUMMARY 


In the presence of cytochrome c and substrate, heart muscle 
particles have been shown to reduce the blood protein, cerulo- 
plasmin. The reaction occurs under anaerobic conditions, with 
succinate, DPNH, or reduced cytochrome c as substrates, and is 
reversed by molecular oxygen. Cyanide does not inhibit the 
reduction, but does inhibit the reoxidation by oxygen. Carbon 
monoxide inhibits neither the reduction nor the reoxidation. It 
is tentatively concluded that cytochrome oxidase is not necessary 
for the reduction to occur and that cyanide combines with the 
reduced form of ceruloplasmin. Antimycin A inhibits the re- 
duction by the succinic oxidase system. 

Under aerobic conditions, the oxidized form of ceruloplasmin 
inhibits the electron transport system. On the basis of indirect 
evidence, it is suggested that the inhibition could be due to the 
reaction of the copper protein with —SH groups. 

The possible significance of these observations is discussed. 
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The adult form of the parasitic roundworm Ascaris lumbri- 
coides lives in the small intestine, which contains a low oxygen 
tension. This organism can live for long periods of time under 
anaerobic conditions. Also, its energy metabolism is essentially 
anaerobic (1-3). A large part of its utilized carbohydrate is 
converted to reduced fermentation products. 

The muscle of the adult Ascaris contains structures which are 
in some respects analogous to mitochondria of higher forms. 
When derived from a homogenate prepared in 0.25 Mm sucrose 
or 0.15 m KCl, the Ascaris particles, which will be referred to as 
“sarcosomes,” have a sedimentation characteristic, stability 
with regard to phosphorylation, and osmotic sensitivity similar 
to those of mammalian mitochondria. They stain readily with 
Janus green B, and in addition, they are the major site of suc- 
cinic oxidase and oxidases for reduced di- and triphosphopyridine 
nucleotides. 

There are, however, some basic differences between the Ascaris 
sarcosomes and the thoroughly studied mitochondria of mam- 
malian tissue. Bueding and Charms (4) demonstrated that 
Ascaris muscle lacks cytochrome c and cytochrome oxidase. 
Laser (5) reported that the oxidation of succinate by muscle 
pulp depends on oxygen tension, is cyanide insensitive, and is 
accompanied by formation of hydrogen peroxide; none of these 
properties can be attributed to the functioning of cytochromes. 
Further studies (4, 6) on the succinic oxidase complex of Ascaris 
have confirmed Laser’s indications that oxygen uptake is directly 
linked to flavoprotein carriers and formation of H2Os. 

Chin and Bueding (7) have studied ‘‘oxidative’”’ phosphoryla- 
tion in particles and crude homogenates derived from the muscle 
of Ascaris. They found that phosphorylation is dependent on 
diphosphopyridine nucleotide, a particulate fraction of muscle, 
and a dialyzable component of perienteric fluid. No definite 
substrate requirement was determined. These investigators 
concluded that phosphorylation has an obligatory dependence 
upon oxygen uptake. They found that 2,4-dinitrophenol in 
low concentrations (3 mM) uncoupled oxidative phos- 
phorylation, but that higher concentrations had no effect or 
even increased the amount of phosphate esterified. 

In none of the previous studies was any detailed study of the 
enzyme content of the muscle particles made. Our own obser- 
vations concerning the dehydrogenases in the sarcosomes of 
Ascaris have led us to re-examine the mechanism of phosphoryla- 
tion. It was found that of the dehydrogenases normally associ- 
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ated with mitochondria, only succinic and malic dehydrogenases 
were present. Furthermore, malate was the only substrate 
that was observed to give rise to energy-rich phosphate bonds 
in a process which did not involve uptake of oxygen. The 


present paper is a report on an investigation of the dehydrogen- 


ases and some initial studies on the mechanism of phosphoryla- 
tion in Ascaris sarcosomes. 


EXPERIMENTAL PROCEDURE 


Source of Materials—All nucleotides used (ADP, ATP, DPN, 
TPN, DPNH, TPNH) as well as phenazine methosulfate and 
hexokinase type III, 200,000 K.M. units per g (8), were obtained 
from Sigma Chemical Company. Crystalline catalase and 
lactic dehydrogenase (twice recrystallized) were purchased from 
Worthington Biochemical Corporation. The source of Krebs 
cycle intermediary compounds was Nutritional Biochemicals 
Corporation. It was found necessary to further purify a-keto- 
glutaric acid by means of recrystallization in acetone-benzene 
(18). Oxsorbent was purchased from Burrell Corporation, 
Pittsburgh. 

Ascaris lumbricoides var. swis was obtained from the Greater 
New York Packing Company. The worms were washed in a 
warm salt solution, and the muscle was dissected from the cuticle 
after removal of perienteric fluid and internal organs. The 
dissection was conducted on chilled ice trays, and all subsequent 
procedures were carried out at 0°. The muscle was then minced, 
and the sarcosomes were isolated by the use of the standard 
methods for obtaining mitochondria. After homogenization, 
removal of low speed sedimenting material, and centrifugation 
at 18,000 r.p.m. for 1 hour, the particles were washed once by 
means of resuspension in buffered sucrose and a second high 
speed centrifugation. The medium used for homogenization 
and suspension of the sarcosomes was a 0.25 m sucrose solution 
containing 0.02 m Tris pH 7.6 and 1 x 10-'M Versene. Each 
milliliter of the final suspension of particles was equivalent to 
4 g wet weight of original muscle. 

Assays for dehydrogenase activities were made with sarcosome 
preparations that had been frozen and thawed. Initial deter- 
minations for the presence or absence of dehydrogenases were 
made by the use of semiquantitative procedures, t.e. by observing 
the reduction of dyes. The dyes employed were methylene blue, 
dichlorophenolindophenol, and triphenyltetrazolium in the pres- 
ence of phenazine methosulfate as intermediate electron acceptor. 
Dehydrogenases linked to pyridine nucleotides were also assayed 
spectrophotometrically at 340 my for the oxidation or formation 
of DPNH or TPNH. Reduction of dichlorophenolindophenol 
was followed in a Beckman spectrophotometer at 600 my, and 


915 


hem. 

352). 

ART- 

34, 

logy, 

logy, | 


916 


that of triphenyltetrazolium was determined the same way as 
described for the assay of succinic dehydrogenase. The rate of 
methylene blue reduction was noted as the time required for 
complete bleaching of the dye. 

When a particular dehydrogenase was found to be present, 
suitable methods were applied in order to obtain values that 
would correspond to the actual dehydrogenase activity and that 


would not reflect the limiting effect of a carrier system. Malic © 


dehydrogenase activity was determined by means of observing 
the oxidation of DPNH in the presence of oxalacetate. In the 
ease of succinic dehydrogenase, the reduction of phenazine 
methosulfate was coupled to triphenyltetrazolium reduction. 
The resulting formazan was extracted into ethyl acetate and 
determined colorimetrically in the Klett colorimeter with a No. 
54 filter. A standard curve for formazan was previously pre- 
pared with recrystallized material made by reduction of tri- 
phenyltetrazolium with ascorbic acid. 

The esterification of inorganic phosphate was measured by 
following the fate of P ; according to the method used by Grun- 
berg-Manago et al. (9) for the study of phosphorolytic reactions.? 
Hexokinase and glucose were added to serve as a trap for the 
labile phosphate that was initially formed. The standard condi- 
tions for phosphorylation employed were an incubation period of 
20 minutes and temperature of 30°, unless otherwise indicated. 
Each milliliter of the reaction mixture contained malate, 10 
pmoles; fumarate, 10 umoles; Mg**, 10 wmoles; P;**, 10 wmoles; 
DPN, 0.1 umole; ADP, 0.5 umole; glucose, 50 umoles; nicotin- 
amide, 20 ymoles; Tris buffer pH 7.6, 50 umoles; catalase, 0.02 
mg; hexokinase, 0.8 mg; mitochondrial preparation, 0.33 ml. 
The reaction mixture in some of the early experiments did not 
contain fumarate and nicotinamide. 

Analyses of products arising from electron transfer reactions 
were confined to succinate and keto acids. Specific identification 
of succinate was made by use of an enzymatic procedure. In the 
absence of added DPN, succinate is the only ether-extractable 
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cinic acid, whereas Fractions I and III would normally include 
volatile acids and lactic acid, respectively, although these were 
never found to be present in the experiments described in the 
text. Titrations were then performed after 2 volumes of CO, 
free water were added. Adequate mixing was obtained by bub- 
bling nitrogen into the solutions. Corrections for the acidity of 
the solvents were made on control fractions. 

Keto acid determinations were made according to the Friede- 
mann and Haugen method (11). Identification of keto acids, as 
the 2,4-dinitrophenylhydrazones, was made by the use of paper 
chromatography with n-butanol-ethanol-0.5 n NH,OH (70:10: 
20) as the solvent. With this solvent the derivative of pyruvate 
characteristically showed two spots (Rr 0.40 and 0.51), and the 
2 ,4-dinitrophenylhydrazone of oxalacetate moved with an R, of 
0.21. Pyruvate was also identified by the melting point and 
melting point of mixture of the 2,4-dinitrophenylhydrazones 
(214-216°). 

At times it was essential to assure relatively anaerobic condi- 
tions. In order to achieve this the reactions were carried out in 
Thunberg tubes, which were alternately evacuated (three times) 
and flushed with nitrogen (twice). In addition, an acidic com- 
mercial oxygen-absorbing preparation, Oxsorbent, was added to 
the side arm. Although no attempt was made to ascertain 
the amount of residual oxygen, there was sufficient evidence 
(see ‘‘Results’’) to indicate that the degree of anaerobiosis was 
adequate. 


RESULTS 


Analyses by several methods revealed that of the dehydrogen- 
ases commonly associated with mitochondria, only malic and 
succinic dehydrogenases occur in the Ascaris sarcosomes (Table 
I). In addition, an active diaphorase is present. 

Dichlorophenolindophenol is the dye most effectively reduced 
by DPNH and TPNH, as well as by the two dicarboxylic acids. 
Also, this dye is one of the most suitable for demonstrating the 


presence of a-ketoglutarate dehydrogenase (12), in that the activ- 
ity does not depend upon the exogenous addition of lipoic acid, 
CoA, or thiamine pyrophosphate. No a-ketoglutarate dehydro- 


compound that shows reduction of tetrazolium salts in the pres- 
ence of phenazine when added to a frozen and thawed suspension 
of Ascaris sarcosomes. This preparation, however, isnot suitable 


for the quantitative estimation of succinate, because of the rela- 
tively high Michaelis constant, A,,, of the succinic dehydrogen- 
ase. Succinate was determined by titration with 0.002 n NaOH 


genase activity could be detected in the Ascaris sarcosomes even 
when these cofactors were added. It should be pointed out that 
commercial preparations of a-ketoglutarate contain significant 


after it had been extracted into ether, concentrated, and isolated amounts of succinic acid and must be recrystallized before use. ] 
by chromatography on a column of silica gel (10). For each de- The quantitative estimation for the activities of succinic and s 
termination, 3 g of dry silica gel were ground with 2 ml of 0.01 N malic dehydrogenases (Table I1) was subsequently determined 

HCl and then placed in a column, | cm in diameter, after the gel __ with appropriate assays (see ‘“Experimental Procedure’’), which ‘a 
had been converted into a slurry by addition of 30 ml of chloro- would not reflect the limitation of electron carriers that is clearly q 
form. An additional 0.4 g of dry silica in a small amount of — shown by the different rates of reduction obtained with different . 


chloroform was then placed on top of the first sample, and an 
aliquot (0.5 ml) of the solution to be assayed was adjusted to pH 
2 and added to the column. All solvents were saturated with 
0.01 nN HCl. Three fractions were collected: I, 30 ml of n-buta- 
nol-benzene (1:9); II, 26 ml of n-butanol-benzene (1:3); and III, 
35 ml of n-butanol-benzene (1:3). Fraction II contained suc- 


1Most of the observations on phosphorylation reported here 
were repeated with similar results by the use of the spectropho- 
tometric assay, coupling ATP formation to TPN reduction in the 
presence of glucose, hexokinase, and glucose 6-phosphate dehydro- 
genase. However, the blanks were too high because of the initial 
amount of ADP, an active myokinase, and the light scattering 
effects of the particles. In contrast, the use of P;*? resulted in 
negligible control values, z7.e. phosphorylation in the absence of 
substrate. 


dyes (Table I), as well as by previous studies by Bueding et al. 
(6). In assaying for succinic dehydrogenase, it was found neces- b 
sary to use anaerobic conditions, since the presence of oxygen c 
caused an initial lag in the reduction of the tetrazolium dye, due . 
presumably to the autoxidation of the electron mediator, phena- D 
zine methosulfate (Fig. 1). se 

The absence of cytochromes and of Krebs cycle enzymes in the bj 


Ascaris structures raised the interesting question concerning | de 
the mechanism of phosphorylation. Preliminary experiments es 
showed that of the substrates oxidized, only malate could give al 


rise to phosphorylation (Tabie III). Succinate and DPNH were re 
consistently found to cause negligible amounts of phosphoryla- in 
tion, despite the fact that there was considerable oxidation of w] 
both. In the 30-minute period, 2.0 wmoles of DPNH were ox- co 
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TaBLeE I 
Dehydrogenases of Ascaris sarcosomes 


The activities of the enzymes were determined in a final volume 
of 1.0 ml. containing: substrate, 10 wmoles; pyridine nucleotide, 
0.2 umole; Tris buffer pH 7.6, 50 umoles; catalase, 0.01 mg; sar- 
cosomal preparation, 1.35 mg of protein per ml; and appropriate 
dye. The amount of reduced pyridine nucleotide added was 0.15 
pmole when coupled to substrate reduction and 2.0 umoles when 
assayed for diaphorase activity. The amounts of dye used were: 
methylene blue, 2.5 X 10-3 mg; phenazine methosulfate, 0.03 mg; 
triphenyltetrazolium hydrochloride, 1 mg; dichlorophenolindo- 
phenol, 0.01 mg. 

Assays involving changes in optical density, 7.e. for pyridine 
nucleotides and dichlorophenolindophenol, were carried out at 
25°, and those based upon the reduction of methylene blue and 
tetrazolium were performed at 37°. 


Method of measurement 


Meth- 
Enzyme tested ylene | 


| 
blue Phenazine DPNH or Dichloro- 


phenolin- 


_+TPT* TPNH? dophenol 

Isocitric dehydrogenase....... — | | 
a-Ketoglutaric dehydrogenase. — — 
Succinic dehydrogenase....... + 
DPNH oxidase or diaphorase... + + 
g-Hydroxybutyric dehydro- | 


Glutamic dehydrogenase...... | | 
a-Methyl butyric dehydrogen- | | 


Triphenyltetrazolium. 

’ Formation or oxidation of reduced pyridine nucleotide. In 
the case of malic and succinic dehydrogenases, DPNH oxidation 
was coupled to oxalacetate and fumarate, respectively. 

¢+ = approximately 0.001 umole per minute per mg of protein. 
(The rate of DPNH ‘‘oxidase’’ was approximately 0.01 umole 
per minute per mg of protein. 

¢++4+++ = approximately 1.0 wmole per minute per mg of 
protein. 

¢ All pyridine-linked dehydrogenases were tried with both 
DPN and TPN. The requirement for malic dehydrogenase is 
specifically filled by DPN. 


dized. It should be mentioned that phosphorylation, as well as 


dehydrogenase activity linked to. malate, has a specific require- 
ment for added DPN. 

The anaerobic experiment shown in Table III was prompted 
by the fact that repeated attempts failed to reveal any signifi- 
cant amount of oxygen uptake when the particles were provided 
with malate, although in addition to the occurrence of phos- 
phorylation, large amounts of keto acid accumulated. All sub- 
sequent experiments described here were carried out anaero- 
bically. The degree of anaerobiosis obtained when the procedure 
described under “Experimental Procedure” was used was indi- 
cated by the complete absence of oxidation of DPNH and of 
autoxidation of phenazine (Fig. 1). Both occur at a significant 
rate aerobically. The fate of DPNH anaerobically was followed 
in evacuated Thunberg tubes, which were 1.0 cm in diameter, and 
which can be placed directly in regular Beckman cuvette holders, 
covered with a black cloth. 
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TABLE II 


Dehydrogenase activities of malic and succinic 
acids in Ascaris sarcosomes 


Assays are described in the text. 


Enzyme Activity 
pmoles substrate/min/meg protein 
Malic dehydrogenase................... 1.07 
Succinic dehydrogenase................ 0.82 
1.0r— 
w 0.7 
0.6-—- 
> — — 
0.5 
0.4— — 
© 
0.2-— 
o 5 1 8 20 25 30 35 40 45 SO 55 60 


MINUTES 


Fia. 1. Succinic dehydrogenase activity, aerobic and anaerobic, 
measured as formazan production (reduction of triphenyltetra- 
zolium) when coupled with phenazine methosulfate. 


TaBLeE III 
Substrates used for phosphorylation in Ascaris sarcosomes 


The reactions were carried out at 37° for 30 minutes in a total 
volume of 1.0ml. Fumarate and nicotinamide were not added. 


Substrate Conditions Phosphorylation 
umole 
Anaerobic 0.30 
0.023 
Succinate + DPN ........... Aerobic 0.062 


Under the same anaerobic conditions, the rate of phosphoryla- 
tion was found to be linear with respect to particle concentration 
and to time up to 30 minutes at 30°. After 30 minutes the rate 
declined markedly because of the intrinsic instability of the phos- 
phorylating system. At 37°, phosphorylation proceeded at a 
significant rate for only 5 minutes. 

An incubation period of 20 minutes at 30° was used for subse- 
quent experiments. Fumarate and nicotinamide were also used 
routinely when it was found that these compounds were stimula- 
tory and that this effect was additive (Table IV). Although 
perienteric fluid appears to stimulate phosphorylation, its use was 
abandoned when it was found to result in high blank values. 

Since large amounts of keto acid (identified as pyruvate) were 
also formed anaerobically from malate, more conclusive proof of 
an anaerobic phosphorylation mechanism would depend upon 
demonstrating the formation of a reduced product also originating 
from malate. It seemed likely that the anaerobic electron trans- 
fer reaction providing the driving force for the generation of 
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TaBLe IV 
Factors affecting phosphorylation with malate as substrate 
The conditions used were those described in ‘‘Experimental 
Procedure.’’ 


Additions Amount Phosphorylation 
umole 
Fumarate*........... 20 umoles 0.81 
Fumarate + nicotinamide __. 20, 40 umoles 0.92 
Dialyzed perienteric fluid ...... 0.2 ml 0.94 


¢ The stimulation produced by fumarate is not due to an effec- 
tive increase in concentration of malate, since the latter was 
present in saturating amounts. Increased malate concentration 
does not affect the rate of phosphorylation. 


TABLE V 


e 
Balance between oxidized and reduced products resulting from 
malate during phosphorylation in Ascaris sarcosomes 


Experiment Phosphorylation Pyruvate Succinate 
umoles 
A 1.18 4.6 | 4.9 
B 1.23 4.6 | 4.8 
c 0.86 2.6 | 3.0 
0.70 2.4 | 2.2 


¢ In Experiment D, malate was the only substrate. In the 
other experiments both malate and fumarate were added. Each 
experiment was carried out in a total volume of 3.6 ml containing 
1.0 ml of sarcosome suspension. 


energy-rich phosphate bonds would be a dismutation of malic acid 
in a reaction which would involve one molecule of malate as hy- 
drogen donor and another, in the form of fumarate, as hydrogen 
acceptor. This indeed proved to be the case (Table V). It was 
found that for each molecule of pyruvic acid formed, one molecule 
of succinate was produced. The efficiency (Pi esterified /2e 
transferred = 0.25 to 0.3) is somewhat low, but it has not been 
found to vary with several batches of worms. 

Although the mechanism of this reaction may prove to be 
complex, some initial observations of interest are presented here. 
The dismutation reaction appears to be a “tightly coupled”’ sys- 
tem, in that electron transfer, measured as keto acid production, 
is dependent upon the presence of both P; and ADP (Table VI). 
Also, dinitrophenol exerts an uncoupling effect, which quantita- 
tively is somewhat smaller than that found for oxidative phos- 
phorylation in mammalian particles (Table VII). 

Other findings are briefly tabulated as follows: pyruvate kinase, 
absent; other glycolytic enzymes (aldolase and triose phosphate 
and lactic dehydrogenases), absent; reductive carboxylation (a) 
oxidation of DPNH in the presence of pyruvate and COsz, absent, 
(b) C4Oz fixation in the presence of pyruvate, DPNH, and ATP, 
absent; oxalacetate decarboxylase, present; phosphorylation in 
the presence of fumarate and DPNH under anaerobic conditions, 


present; myokinase, present. 


DISCUSSION 


It appears that the muscle of the adult Ascaris contains par- 
ticles which are analogous to mitochondria in that both possess 
On the other hand the Ascaris 


several properties in common. 


Ascaris Sarcosomes 
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sarcosomes, reflecting the anaerobic existence of this parasitic 
helminth, exhibit some basic differences. The particles lack 
cytochromes and enzymes of the tricarboxylic acid cycle, as wel] 
as dehydrogenases for glutamic and 6-hydroxybutyric acids. 

Besides the flavoprotein electron carriers indicated by oxygen 
uptake linked to HO: formation and by dye reduction, the only 
enzymes found to be present were succinic and malic dehydro- 
genases, an active diaphorase, oxalacetate decarboxylase, and 
fumarase. The formation of energy-rich phosphate bonds ap- 
pears to involve all five enzymes mentioned in a single anaer- 
obic reaction which can be represented as follows: 


2 Malate + ADP + Pi — pyruvate + COs + succinate + ATP 


fumarate 


The finding that succinate is an end product of the ATP gen- 
erating system is consistent with previous observations and with 
thermodynamic considerations. It has been observed (13) that 
succinate is accumulated in large amounts in the perienteric fluid 
of Ascaris. Ina previous communication (6) one of us had found 
an apparent participation of DPN in the Ascaris succinate oxi- 
dizing system. At the time it had also been observed that fuma- 
rate could bring about oxidation of DPNH. Of interest in this 
regard is a recent report (14) showing an ATP requirement for 
succinate-linked DPN reduction. The established ratios of P 
to O occurring in mammalian mitochondria (3 for malate, and 
2 for succinate) would indicate that the reaction represented 
above should involve no thermodynamic barrier. In fact, an 
analogous reaction was described by Hunter (17) many years ago 
for a mammalian particulate fraction which differed primarily in 
that the coupled reaction involved carbonyl compounds. _ In this 
reaction Hunter found that ATP could be generated anaerobically 
in rat liver particles, when the oxidation of a-ketoglutarate was 
coupled to the reduction of oxalacetate. 

The sarcosomal malate dehydrogenase appears to be different 
from the malate enzyme of Ascaris studied by Saz and Hubbard 
(15), who found the latter enzyme to be similar to the enzyme 


TaBLe VI 
Dependence of electron transfer upon P; and ADP 


The complete system is the same as that described for phos- 
phorylation, except that fumarate and nicotinamide were omitted. 


Incubation mixture Pyruvate formed 
umole 
TABLE VII 
Effect of 2,4-dinitrophenol on phosphorylation 
2,4-Dinitrophenol concentration Phosphorylation 
pmoles 
0 1.18 
m/5,000 0.15 
/50 ,000 0.79 


March 1961 


investigated by Ochoa et al. (16), with the exception that it 
utilizes either DPN or TPN, and also lacks oxalacetate decar- 
boxylase. The sarcosome enzyme has a specific requirement for 
DPN. In addition, the evidence indicates that oxalacetate is 
the initial product of dehydrogenase action on malate. Despite 
the presence of an active oxalacetate decarboxylase, we have 
observed on occasion some formation of oxalacetate. In addi- 
tion, reductive carboxylation of pyruvate could not be observed, 
although DPNH oxidation in the presence of oxalacetate pro- 
ceeds at a rapid rate. | 

The findings reported above would appear to have some signifi- 
cance relating to comparative metabolism, since metazoa of an 
anaerobic character do not occur frequently in nature. 


SUMMARY 


The adult Ascaris contains structures resembling mitochondria 
which stain with Janus green, contain ‘‘oxidases’’ for succinate 
and reduced di- and triphosphopyridine nucleotides, and can 
form adenosine triphosphate by way of electron transfer. 
Strictly speaking, the energy reaction leading to formation of 
adenosine triphosphate involves both transfer of electrons and 
protons, since the evidence points to phosphorylation coupled to 
oxidation of reduced diphosphopyridine nucleotide by flavin. 
However, the particles lack cytochromes and Krebs cycle en- 


zymes. 
A single phosphorylating reaction was observed to be present 


which involved malate as the only substrate and which did not 
require oxygen. The electron transferring reaction yielding 
energy-rich phosphate was shown to be a dismutation of malate, 
resulting in equimolar formation of pyruvate and succinate, and 
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involving the only two dehydrogenases present, namely malic 
and succinic dehydrogenases. 
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Yeast lactic dehydrogenase, the L(+)-specific! flavohemopro- 
tein isolated from yeast grown aerobically, has been investigated 
by a number of workers (1). In the past, this enzyme has been 
known as “cytochrome 6,” (2, 3). It will be termed “t-lactic 
eytochrome c reductase” in this paper. 

Recently, two p-specific lactic dehydrogenases have been dis- 
covered, p-lactic dehydrogenase from yeast grown anaerobically 
(4, 5), and p-lactic cytochrome c reductase from yeast grown 
aerobically (6). The former enzyme was found inactive in cyto- 
chrome c reduction. 

The purpose of this study was to purify and characterize 
p-lactic cytochrome c reductase further (6), and to compare its 
properties with those of the p-lactic dehydrogenase obtained 
from anaerobic yeast and with those of L-lactic cytochrome c 


reductase (7). 


EXPERIMENTAL PROCEDURE 


- 


Materials and Methods 

Bakers’ yeast was kindly provided by De Norske Gjaer and 
Spritfabrikker A/S, Oslo. 

Muscle lactic dehydrogenase (crystalline) was purchased from 
C. F. Boehringer and Séhne. pv-Amino acid oxidase (crude), 
FAD (90°), FMN, DPNH, DPN, TPN, cytochrome c (grade 
II from horse heart), phenazine methosulfate, p( +)-2-phospho- 
glyceric acid (Ba-salt, 70°. pure), p( —)-3-phosphoglyceric acid 
(Ca-salt), and pt-a-hydroxyvaleric acid were obtained from 
Sigma Chemical Company. pt-a-Hydroxybutyric acid, a-hy- 
droxyisobutyric acid, pL-a-hydroxy-a-methylbutyric acid, 
B-hydroxybutyric acid, and p(—)- and L(+)-lactic acid were 
obtained from California Corporation for Biochemical Research. 
2,3’,6-Trichloroindophenol was purchased from Eastman Or- 
ganic Chemicals; a-ketoglutarate from Nutritional Biochemicals 
Corporation. ptu-Glyceric acid was obtained from Fluka A. G. 
Chemische Fabrik. 

The calcium salts of p(—)- and L(+)-lactate (lots 440092 
and 301142, respectively) were dissolved in water, and calcium 
removed by precipitation with sodium phosphate at pH 7. 

The p-amino acid oxidase test for FAD was performed as 
described by Burton (8). The commercial sample of p-amino 
acid oxidase contained FAD, but the rate of oxygen uptake in- 
creased 3 times upon addition of 4 X 10-'m FAD. A significant 
response was obtained with 1.3 « 10-7 m FAD. 

For chromatographic analysis of flavins, Whatman No. 1 


1 The abbreviations used are: p(—)-lactie dehydrogenase from 
yeast grown anaerobically, anaerobic p-lactic dehydrogenase; the 
signs for optical rotation are generally omitted. 


paper was used with a 5° solution of NazHPO,-7H:0 as solvent 
(9). The flavin spots were located by observation of fluores- 
cence under a Mineralight ultraviolet lamp, model SL 2537. 

Fluorescence spectra were obtained in the Farrand spectro- 
fluorimeter. Excitation was affected with the use of light of 
wave length 370 mu. FMN and FAD exhibited the character- 
istic emission band with a maximum at 530 mu. The fluores- 
cence of the commercial sample of FAD was 4 times stronger 
at pH 3.0 than at pH 6 (10). Solutions of known concentra- 
tions of FMN and FAD were used for standardization. The 
emission at 530 my was proportional to the concentration of 
FMN and FAD within the range used. 

Benzylalcohol was used to separate riboflavin from FAD and 
FMN (11). 

Pyruvate was determined spectrophotometrically by the 
method based on oxidation of DPNH in the muscle lactic de- 
hydrogenase system. The reduction of pyruvate proceeded 
practically to completion at pH 7, and DPNH oxidized was a 
quantitative measure of pyruvate when DPNH was in excess 
(12). 

Soluble p- and L-lactic cytochrome c reductase were assayed 
in sodium phosphate buffer, ionic strength, ['/2 0.008, pH 7.1, 
with 0.001 m Versene (the disodium salt of ethylenediaminetetra- 
acetic acid) added. The solution contained 0.005 Mm p- or L- 
lactate, and 4 X 10-5 m cytochrome c (6). The reduction of 
ferricyanide (5 X 10-4 M) was carried out at pH 6.7. 

The following acceptors were tested at pH 6.7: 2,6-dichloro- 
indophenol, 2,3’ ,6-trichloroindophenol, methylene blue, and 
phenazine methosulfate. In addition, methylene blue was 
tested at pH 5.6. Methylene blue and phenazine methosulfate 
were assayed under anaerobic conditions. 

The following differential molar extinction coefficients (a7 
cm?) were used in following oxidation or reduction: cytochrome 
c, 18.6 X 10°; ferricyanide, 1 x 10°; FMN, FAD, and flavopro- 
tein, 11.3 x 10®; DPN, 6.2 x 10°. 

The unit of enzyme activity was chosen to conform with that 
in use for L-lactic cytochrome c reductase (1). One unit of the 
enzyme was defined as the amount required to reduce 1 yeq of 
the acceptor per hour; the specific activity was expressed as 
units per mg of protein. 


RESULTS 


p- and i-Lactic Cytochrome c Reductase in Fractions of Yeast 
Homogenate—The cells were disrupted with micro glass beads 
in a homogenizer with provision for cooling made by Measuring 
and Scientific Equipment, Ltd., England. The reaction vessel 
contained 3 g of pressed yeast, 1 ml of 0.4 mM Na2HPOg, water 
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TaBLeE I 
p- and t-lactic cytochrome c reductase in yeast homogenates 


Units* | Specific activityt ; 
Time of disruption 7 “ae 
p-Enzyme | t-Enzyme p-Enzyme_ .L-Enzyme 
min | 
5 630 1600 8.9 0.18 
15 1000 2700 | 3.9 10.4 0.26 
30 1000 2700 3.9 10.4 0.26 


* Obtained from 1 g of dry veast, expressed as umoles of cyto- 
chrome c reduced per hour. 
+ Expressed as umoles of cytochrome c per mg of protein per 


hour. 
t Expressed as fraction of total protein in yeast. 


to make a total volume of 20 ml, and 50 g of dry Ballotini beads, 
grade 12. The temperature was kept at 12 + 3°. Intact cells 
and large fragments were removed from the homogenate by 
centrifugation at 1000 x g for 10 minutes. p- and t-Lactic 
cytochrome c reductase were assayed in the supernatant. 

The reaction mixture was the same as that used for the de- 
termination of soluble p- and L-lactic cytochrome c reductase. 
Cytochrome oxidase was inhibited with 0.0025 m azide when 
cytochrome c was used as acceptor. This agent did not inhibit 
soluble p- or L-lactic cytochrome c reductase. Occasionally, the 
turbidity of the reaction mixture, as recorded at 540 my, in- 
creased with time when cytochrome c was used as acceptor. 
Hence, the absorbancy was routinely recorded at 540 my as 
well as at 550 my and appropriate corrections were made. 

Yield and specific activity of p- and L-lactic cytochrome c 
reductase in the homogenate, after various periods of stirring, 
are shown in Table I. Maximal yield was obtained after 15 
minutes, but 10% of the cells were still viable. The same max- 
imal yield was obtained when the cells were disrupted around 
20°. Both enzymes were labile, and for this reason they were 
assayed within an hour. 

With the use of L-lactate as substrate, the reduction of fer- 
ricyanide took place as rapidly as the reduction of cytochrome 
c; in this reaction the specific activity was 10. With p-lactate, 
however, the specific activity was less than 0.1, which was too 
low to be measured accurately. p-Lactic ferricyanide reductase 
from anaerobic yeast has been found to have a specific activity 
of 30 (13). 

Approximately 70% of p-lactic cytochrome c reductase was 
located in the respiring particles sedimenting at 25,000 x g in 
30 minutes; the remaining was found in the sediment obtained 
at 140,000 x g. The particles contained p- and t-lactic cyto- 
chrome c reductase in the ratio 3:1. 

The particulate L-enzyme was more labile than the p-enzyme. 
After storage at 5° for 1 or 2 days, the suspensions exhibited 
activity only with p-lactate. 

Particulate p-lactic cytochrome c reductase was inhibited by 
salts and this was very important to consider in the assay of 
the enzyme. Thus the activity decreased 85% when the ionic 
strength of the buffer was increased from I'/2 0.01 to ['/2 0.1. 
The apparent Michaelis constant for cytochrome c increased 
with increasing ionic strength of the medium. At I'/2 0.01, 
which was employed in the assays, the enzyme was practically 
saturated at 4 X 10-5 m cytochrome c. At I'/2 0.1, however, 
the rate was practically proportional to cytochrome c in the 
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same region. In these respects the particulate enzyme behaved 
in a manner similar to the soluble enzyme (6). Antimycin A 
(1 X 10-4 m) did not inhibit the enzyme, and incubation with 
lecithinase A (14) did not increase the rate of inactivation. 

Solubilization and Purification—Two kilograms of pressed 
bakers’ yeast (24% dry weight) was suspended in 2 liters of 
0.025 m NasHPO, and added to 5.5 kg of Ballotini beads (grade 
12) in a Turmix Blendor equipped with a cooling system. The 
mixture was stirred for 30 minutes at 20°. Whole cells and 
large fragments were removed by centrifugation at 1000 x g 
for 10 minutes. 

Acetone at —10° was added to the cold supernatant, slowly 
and with stirring, until a concentration of 30% volume per vol- 
ume was attained. The suspension was centrifuged at 4000 x 
g for 20 minutes (0°); the supernatant solution was discarded. 
Residual acetone was removed under vacuum, and the precipi- 
tate was suspended in 700 ml of water. 

The aqueous suspension was heated to 55°, kept at this tem- 
perature for 3 minutes, and cooled rapidly. This treatment 
facilitated the subsequent solubilization of the enzyme, and 
caused complete inactivation of L-lactic cytochrome c reductase. 
The heat-treated suspension was centrifuged at 25,000 x g 
for 1 hour. The supernatant fluid, which contained approxi- 
mately 15% of the total p-lactic cytochrome c reductase activity 
of the suspension, was not used in this study. 

The precipitate was cooled to 0°, 500 ml n-butanol at —10° 
were added, and a fine suspension was obtained by blending for 
3 minutes in a Waring Blendor. The insoluble material was 
sedimented by centrifugation, the solvent decanted, and a second 
suspension was made with 500 ml of acetone. The acetone was 
removed by centrifugation, and the residue treated with 500 
ml of ethyl ether. All operations were carried out at —10°. 
Residual ether was removed under vacuum, and a dry powder 
was obtained. The powder could be stored for weeks at —10° 
with little loss in activity. 

The powder was added to 500 ml of water and blended in a 
Waring Blendor for 15 minutes. The suspension was kept at 
5° for 24 hours before centrifugation. A long incubation time 
was necessary for solubilization of the enzyme. A clear super- 
natant was obtained by centrifuging at 25,000 x g for 1 hour. 
The precipitate was resuspended in 500 ml of water and again 
incubated at 5° for 24 hours. The second extraction gave in 
some instances as much soluble enzyme as the first one. Ac- 
tivity of the soluble enzyme was retained for 1 week at 5°. 

The supernatant solutions were absorbed on a DEAE-cellulose 
(Eastman Organic Chemicals) column (2 * 5 em), which had 
been equilibrated with 0.04 m NaeHPO, The column was 
washed with 300 ml of the same phosphate solution, and then 
eluted with 0.4 m NaCl in the same buffer. The active fraction 
had a light brown color, and the specific activity was 700 to 
1200. The enzyme retained activity with cytochrome c for 24 
hours at 5°. In the presence of 0.002 m p-lactate the activity 
was stabilized, but decreased rapidly after a few days at 5°. 
The enzyme was dialyzed for 1 hour previous to the next step. 

Further purification was achieved by rechromatography on 
a DEAE-cellulose column (1 X 3cm). The enzyme was eluted 
by a gradual increase of the sodium chloride concentration from 
0.08 to 0.20 m. The most active fraction was eluted with 0.08 
M NaCl and had a specifie activity of 5200. The enzyme was 
obtained in a dilute condition and was more labile than the prep- 
aration obtained after the first column chromatography. 
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A pyrophosphatase, which hydrolyzed FAD to give FMN, 
was present in the purified preparations. 

Yield and specific activity for the various steps of the pro- 
cedure are shown in Table II. 

Reaction Product; Stereospecificity—The reaction was expected 
to proceed as follows: 


p-lactate + 2 ferricytochrome c = 
pyruvate + 2 ferrocvtochrome c + 2 Ht 


Pyruvate was determined spectrophotometrically by the 
method based on oxidation of DPNH in the DPNH-linked lactic 
dehydrogenase system (12). The combined system was made 
up to contain 0.24 umole of DPNH, 0.065 umole of ferricyto- 
chrome c, muscle lactic dehydrogenase, and p-lactic cytochrome 
c reductase in 2 ml of phosphate buffer, [/2 0.01, pH 7.1; the 
reaction was started by the addition of 100 umoles of p-lactate. 
The reduction of cytochrome c and the oxidation of DPNH were 
measured simultaneously at 550 and 340 muy, respectively. The 
total change of absorbancy was 0.60 cm- at 550 mu and 0.10 
em7! at 340 mu. From these observations it is calculated that 
2 moles of cytochrome c are reduced for each mole of DPNH 
oxidized, 7.e. for each mole of pyruvate formed. 

The oxidation of p-lactate proceeded to completion, as could 
be expected from the oxidation-reduction potentials of the react- 
ants involved. This was observed in an assay with 0.025 umole 
of p-lactate (by weight) and 0.08 umole of cytochrome c; 0.050 
umole of the acceptor became reduced. 

The commercial sample of L-lactate contained small amounts 
of a substrate for p-lactic cytochrome c reductase. Thus, 10 
umoles of L-lactate caused the reduction of 0.050 umole of cyto- 
chrome c, when 0.10 umole of ferricytochrome c was used as 
acceptor. This reaction was likely to be due to the presence 
of 0.25°% of p-lactate in the L-lactate sample, rather than to a 
relative stereospecificity of the enzyme. If the L-isomer had 
been oxidized, the reduction of cytochrome ¢ would have pro- 
ceeded to completion (0.10 umole of cytochrome c reduced). 
This conclusion was supported by the observations that L-lactate 
did not increase the maximal rate obtained with excess of p- 
lactate and that the rate obtained with 10 uwmoles of the L-lactate 
sample was equal to the rate observed with 0.025 umole of p- 
lactate. 

Substrates and Inhibitors—The relative rates obtained with 
optimal concentrations of p-lactate, pL-a-hydroxybutyrate, and 
pL-a-hydroxyvalerate were 1:1:0.02 in phosphate buffer, I’ /2 
0.01, and 1:3:0.1 in phosphate buffer ['/2 0.1. Thus, a-hy- 
droxybutyrate was oxidized more rapidly than lactate at relative 
high ionic strength. The extent of the reduction of cytochrome 
c indicated that the p-isomers only were oxidized. The apparent 
Michaelis constants for p-lactate, pL-a-hydroxybutyrate, and 
pL-a-hydroxyvalerate were 5.5 K 10-5, 134 x 10-5, and 250 x 
10-5 m, respectively, in phosphate buffer I’ /2 0.01. 

pt-Glycerate appeared to be oxidized at a rate which was 
10% of that with p-lactate. At the same time, pL-glycerate 
was a strong inhibitor of the oxidation of p-lactate. Thus, in 
the presence of 2.5 X 10-4 m pL-glycerate, the rate obtained 
with 2.5 x 10-4 m p-lactate decreased 70%. The inhibition 
decreased with increasing concentrations of p-lactate, but it 
was not quite competitive. Oxalate and oxaloacetate were 
competitive inhibitors of p-lactate oxidation with K,; 1.6 x 10-6 
and 1 X 10-5, respectively. 

The following compounds were tested at 0.005 m concentra- 
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TABLE II 


Solubilization and purification of yeast p-lactic 
cytochrome c reductase 


Step in procedure Yield* Specific activityt 
Acetone precipitate............ 320 
Extracted powder.............. 100 | 4 
Solubilized enzyme............ 30 | 20 
Column DEAE-cellulose I. .... 24 1200 
Column DEAE-cellulose II. ... 9 | 5200 


* From 1 g of dry yeast, expressed as wmoles of cytochrome ¢ 


reduced per hour. 
+t Expressed as ymoles of cytochrome c reduced per mg of pro- 


tein per hour. 


tion and found not to reduce cytochrome c, and not to inhibit 
the oxidation of p-lactate strongly: 2-phosphoglycerate, 3-phos- 
phoglycerate, a-ketoglutarate, pL-a-hydroxy-a-methylbutyrate, 
a-hydroxyisobutyrate, pu-malate, 
isocitrate, glycolate, malonate, glycerol, ethylene glycol, and 
B-glycerophosphate. 

Acceptor Specificity—The enzyme preparations obtained from 
the second column treatment with DEAE-cellulose had no ac- 
tivity with ferricyanide, 2,6-dichloroindophenol, 2,3’ ,6-tri- 
chloroindophenol, or methylene blue. The heme of active prep- 
arations of L-lactic cytochrome c reductase was not reduced. 
Phenazine methosulfate became reduced; the rate of reduction 
of cytochromec was not affected by the addition of small amounts 
of this compound. 

The enzyme preparations obtained from the first column, how- 
ever, reduced cytochrome c, ferricyanide, and 2 ,6-dichloroindo- 
phenol in the ratio 1:0.05:0.004. With the use of ferricyanide 
as acceptor, half-maximal activity was obtained with 1 x 10-5 
mM p-lactate, and p-lactate reduced an equivalent amount of the 
acceptor when excess of the latter was used. The relative ac- 
tivities with p-lactate, pL-a-hydroxybutyrate, and pL-a-hy- 
droxyvalerate were 1:1:0.5; L-lactate was inactive. The en- 
zyme reducing ferricyanide and 2,6 - dichloroindophenol 
decreased 50% within 1 or 2 hours at 5° and disappeared com- 
pletely within 10 to 20 hours. In the same period the reduction 
of cytochrome c remained constant. 

The effect of pH on the reduction of ferricyanide? and cyto- 
chrome c is shown in Fig. 1, and the effect of NaCl on the reduc- 
tion of ferricyanide is shown in Fig. 2. 

Prosthetic Groups—Absorption spectra of a preparation which 
did not reduce ferricyanide are shown in Fig. 3. On the addi- 
tion of p-lactate the absorbancy decreased in the region of 450 
muy, and a difference spectrum characteristic of FAD and FMN 
was obtained. The turnover number per mole of reducible 
flavin was 15,000 min.~. 

The fluorimetric emission spectrum indicated that the pros- 


2 In the previous paper (6) L-lactic cytochrome c reductase and 
p-lactic cytochrome c reductase were obtained in Fractions II 
and III, respectively. Fraction III reduced ferricyanide at a rate 
which varied from 8 to 15% of the rate observed when cytochrome 
c was used as acceptor, and the pH activity curve of this reaction 
was similar for the two fractions. These data were obtained with 
racemic lactate, and the discrepancies with the present data were 
due to the presence of 5 to 10% of L-lactic cytuchrome c reductase 
in Fraction ITI. 
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Fic. 1. The effect of pH on the rate of reduction of ferricyanide 
(@——@, left hand scale) and cytochrome c (O——O, right hand 
scale). The enzyme preparation used was the undialyzed eluate 
from DEAE-cellulose, and 0.15 ml of the enzyme was used per ml 
in the assay of ferricyanide. For this reason the medium con- 


tained 0.06 mu NaCl. 
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Fic. 2. The effect of NaCl on the reduction of ferricyanide at 
pH 6.7. The medium contained 0.04 m NaCl, as introduced with 
the undialyzed enzyme. 
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Fic. 3. The absorbancy before and after the addition of 5 ul 
per ml of 0.1 m p-lactate to a preparation containing 1300 units per 
ml of p-lactic cytochrome c reductase; the preparation did not re- 
duce ferricyanide. 
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Fic. 4. Fluorescence emission spectra of a preparation con- 
taining 1200 units per ml of p-lactic cytochrome c reductase. The 
preparation did not reduce ferricyanide. Curve 2 is the original 
enzyme, curve 3 after addition of hydrochloric acid to give pH 3.0, 
curve 2 was obtained again when the solution was neutralized with 
NaOH, and curve 1 after the reduction with dithionite. The con- 
centration of FAD was estimated at 1.4 K 10-* a. 


thetic group was FAD (10). This is shown in Fig. 4. The 
concentration of FAD, calculated from emission, agreed well 
with the concentration of reducible flavin, calculated from dif- 
ference spectrum. Qualitative tests for FAD were obtained 
in the p-amino acid oxidase system (8) and by paper chroma- 
tography (9). 

Preparations which reduced ferricyanide contained a fluores- 
cent compound which appeared on storage or adjustment to pH 
4.6. Emission spectra at pH 3.0 and 6 indicated that these 
preparations contained more FMN than FAD and that the 
fluorescence which developed was due to FMN. This is illus- 
trated in Fig. 5. The reduction of ferricyanide decreased 
roughly parallel with the development of fluorescence. The 
freshly made preparations were nonfluorescent, and practically 
all of the activity was lost in a preparation in which 70% of the 
maximal fluorescence developed; in a solution with 30% of maxi- 
mal fluorescence half of the activity had disappeared. p-Lactic 
cytochrome c reductase, on the other hand, was fully active in 
preparations with maximal fluorescence. A slight retarding 
effect on the development of fluorescence was observed by the 
addition of p-lactate. This is shown in Fig. 6. 

Further evidence for the participation of a separate flavin 
group in the reduction of ferricyanide was obtained from meas- 
urements of absorbancy in the presence and absence of p-lactate. 
The difference spectrum obtained immediately after elution 
from DEAE-cellulose was larger than the one recorded after 
incubation and inactivation of ferricyanide reductase. This is 
shown in Fig. 7. | 

FAD or FMN did not retard the spontaneous decomposition 
of p-lactic cytochrome c reductase or the p-lactic ferricyanide 
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Fic. 5. Fluorescence emission spectra of a preparation con- 
taining both p-lactic cytochrome c reductase and ferricyanide re- 
ductase. The stock solution, containing 6450 units per ml of 
p-lactic cytochrome c reductase and 250 units per ml of ferricya- 
nide reductase, was diluted with8 parts of water at 23° immediately 
before the measurements of curve 2. Curve 4 was recorded after 
adjustment to pH 3.0 with hydrochloric acid, curve 3 was obtained 
when the acidic solution had been neutralized, and curve 1 when 
dithionite was added. An emission curve identical with curve 3 
was obtained after storage of the undiluted preparation at 5° for 
20 hours. In this preparation the reduction of ferricyanide had 
disappeared, whereas p-lactic cytochrome c reductase was un- 
changed. FAD and FMN of the stock solution were estimated at 
6.6 X 10-* and 1.2 X 1075 M, respectively. 


reductase activity, and they did not reactivate the decomposed 
enzymes. 


DISCUSSION 


The p-specific enzyme which reduces ferricyanide and 2,6- 
dichloroindophenol, ‘‘p-lactic ferricyanide reductase,” is ex- 
tracted from the particulate fraction of the cell. It cannot be 
detected as particulate enzyme, however. p-Lactic ferricyanide 
reductase appears to accompany p-lactic cytochrome c reductase 
during the first fractionation on DEAE-cellulose, but decomposes 
before the second treatment with DEAE-cellulose. The possi- 
bility has not been excluded that p-lactic ferricyanide reductase 
exists as an FMN-enzyme in the particulate fraction of the cell. 
It appears as likely, however, that p-lactic cytochrome c reduc- 
tase decomposes to yield p-lactic ferricyanide reductase. If 
this is the case, a change of the prosthetic group takes place 
during extraction or purification. In this connection it is inter- 
esting that purified preparations of p-lactic cytochrome c reduc- 
tase contain both proteolytic activity and a pyrophosphatase 
which hydrolyzes FAD to FMN. p-Lactic ferricyanide reduc- 
tase is not identical with p-lactic dehydrogenase of anaerobic 
yeast (15-17). The two enzymes differ in pH optimum and 
apparent Michaelis constant for p-lactate, as well as relative 
acceptor specificity. 

p-Lactic cytochrome c reductase appears to be associated 
with the respiratory particles. The enzyme has high acceptor 
specificity for cytochrome c, and is solubilized first after removal 
of lipids. [In contrast, p-lactic dehydrogenase of anaerobic 


yeast does not reduce cytochrome c and is obtained in the soluble 
fraction of the homogenate. The two enzymes are both flavo- 
proteins (16, 17), and may both contain FAD (16); both are 
inhibited by oxalate in a competitive manner (17). 
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Fig. 6. The rate of appearance of fluorescence in a preparation 
containing both p-lactic cytochrome c reductase and ferricyanide 
reductase. The stock solution, containing 2010 units per ml of 
cytochrome c reductase and 97 units per ml of ferricyanide re- 
ductase, was diluted with 3 parts of water at 23° immediately be- 
fore the measurements. O——O, No p-lactate added; @——®, 
p-lactate added to give 2.5 X 10-3 mM. Curve 3 indicates the fluores- 
cence obtained when the solution was adjusted to pH 2 and then 
neutralized. 
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Fic. 7. Spectra representing the difference between the ab- 
sorbancy before and after the addition of 5y1 per ml of 0.1 m p-lac- 
tate to a solution containing 3220 units per ml of b-lactic cyto- 
chrome c reductase and 125 units per ml of ferricyanide reductase. 
Upper curve was obtained immediately after the elution from 
DEAE-cellulose; lower curve after incubation at 20° for 30 min- 
utes. The activity with ferricyanide decreased strongly during 
the incubation period, whereas p-lactic cytochrome c reductase 
remained constant. 


The competitive inhibition of p-lactic cytochrome c reductase 
by oxalate and oxalacetate, and the fact that compounds such 
as malonate and glycollate do not inhibit, suggest that carbonyl 
adjacent to carboxyl interacts with a point at the substrate site. 
The size of the inhibiting dicarboxylic acid seems to be critical, 
since a-ketoglutarate does not inhibit strongly. 

p- and t-Lactic cytochrome c reductase (1) are both flavopro- 
teins, but only L-lactic cytochrome c reductase is a cytochrome; 
the prosthetic groups are FAD and FMN, respectively. The 
two enzymes have similar turnover numbers, pH optima, and 
substrate specificities, but the acceptor specificities are widely 
different. The most active preparations of L-lactic cytochrome 
c reductase reduces cytochrome c, ferricyanide, and 2 ,6-dichloro- 
indophenol at equal rates. The relative rate of reduction of 
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cytochrome c decreases during decomposition of the enzyme, 
however. A similar process may be taking place when p-lactic 
cytochrome c reductase decomposes to yield “‘p-lactic ferricyanide 
reductase.”’ 


SUMMARY 


p(—)-Lactic cytochrome c reductase is determined in homog- 
enates of bakers’ yeast. The enzyme is associated with respira- 
tory particles. A method of solubilization and 1000-fold purifica- 
tion is described. 

p-a-Hydroxymonocarboxylic acids with straight carbon chain 
are oxidized; the apparent Michaelis constant decreases with 
increasing molecular weight. Under certain conditions a-hy- 
droxybutyrate is oxidized more rapidly than p-lactate. 1L(+)- 
lactate is not oxidized and does not inhibit. pu-Glycerate is a 
strong inhibitor of p( —)-lactate oxidation. Oxalate and oxalace- 
tate are competitive inhibitors with K,; 1.6 « 10-* and 1 x 10-5 
M, respectively. 

p(—)-Lactic cytochrome c reductase has high specificity at 
the acceptor site; a number of common electron acceptors, in- 
cluding ferricyanide and 2 ,6-dichloroindophenol, are not reduced. 

p(—)-Lactic cytochrome c reductase is accompanied in the 
purification by an extremely labile p(—)-lactic dehydrogenase 
which reduces ferricyanide and 2,6-dichloroindophenol. This 
enzyme has properties widely different from those of p(—)-lactic 
dehydrogenase of anaerobic yeast. 

Evidence is presented to show that p(—)-lactic cytochrome 
c reductase is a flavoprotein with FAD as prosthetic group. 
The turnover number per mole of FAD is 15,000 min-!. 

The p(—)-specific lactic dehydrogenase which reduces ferri- 
cyanide and 2,6-dichloroindophenol appears to have FMN as 
prosthetic group; FMN dissociates spontaneously and irrevers- 
ibly from the enzyme. 
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It has been reported previously that a single injection of 
nicotinamide or 3-acetylpyridine into mice leads to a marked 
increase in liver diphosphopyridine nucleotide (1-3). In the 
course of investigation of other pyridine bases and diphospho- 
pyridine nucleotide analogues, it was found that an injection of 
nicotinohydroxamic acid also led to increased pyridine nucleotide 
levels in the mouse liver (4). The pyridine nucleotide was found 
to be identical with diphosphopyridine nucleotide in chemical] 
and enzymic properties. It was also observed that nicotino- 
hydroxamic acid disappeared in homogenates of mouse liver, 
and that this disappearance was associated with the appearance 
of an amide group. These results suggested the existence of an 
enzymic system capable of promoting the reduction of the 
nicotinohydroxamic acid to nicotinamide. It is the purpose of 
this paper to describe the properties of this system. 


EXPERIMENTAL PROCEDURE 


Subcellular Liver Preparation—Mouse livers from CXDBA or 
DBA strains were cut into small pieces and ground in a chilled, 
loosely fitting TenBroeck homogenizer with 10 volumes of 0.25 
m sucrose. The subcellular fractionation procedure and the 
preparation of the mitochondrial fraction have been described 
previously (5). The final mitochondrial suspension was made 
in 0.25 M sucrose, so that 1 ml represents 1 g of original liver. 

Incubation Procedure and Assay Methods—Aliquots of the 
liver fractions were incubated at 37.5°. Contents of the incuba- 
tion medium are given in the tables. The utilization of the 
hydroxamie acids was followed by the loss of the characteristic 
FeCl, color (6). Amide formation was determined by the 
method of Holman (7). DPN was measured by the change in 
optical density at 340 my with yeast alcohol dehydrogenase (8). 

Substrates—The preparation of nicotinohydroxamic acid, 
N-methyl] nicotinohydroxamic acid, and the nicotinohydroxamic 
acid-*DPN has been described (9). N'®-Hydroxylamine was 
used to incorporate the isotope into the hydroxamic acid group 
of N'-methyl nicotinohydroxamic acid. The acetohydroxamic, 
butyrohydroxamic, octanohydroxamic, benzohydroxamic, and 
salicohydroxamic acids were kindly supplied by Dr. W. P. 
Jencks. 


* Publication No. 84 of the Graduate Department of Biochem- 
istry, Brandeis University. Aided by a grant from the National 
Cancer Institute, National Institutes of Health (Grant No. C- 
3769). 

+ National Heart Institute, National Institutes of Health (HF- 
4345) special Post-Doctoral Fellow, 1958-59. Present address, 
Biological Research Laboratories, Harvard School of Dental 
Medicine, Boston, Massachusetts. 


The following compounds were obtained commercially: 
crystalline yeast alcohol dehydrogenase (Worthington Bio- 
chemical Corporation); DPN, DPNH, TPN, and the 3-acetyl- 
pyridine-*DPN (Pabst Brewing Company); and TPNH (Sigma 
Chemical Company). 

Isolation of N'-Methyl _nico- 
tinamide was isolated from the incubation medium in order to 
assay the amide nitrogen for N!*. At the end of the incubation, 
the proteins were precipitated by heat and centrifuged. The 
supernatant fluid was passed through a Dowex 1-formate column 
(diameter, 1.5 cm; height of resin, 10 em), and washed with 6 
resin bed volumes of water. The eluate which contained the 
N'-methyl nicotinamide was adjusted to pH 7.5 with NaOH and 
passed through an Amberlite CG-50 type 1 column (H* form, 
same dimensions as Dowex 1-formate column). The column 
was washed with 3 resin bed volumes of water adjusted to pH 
7.5 with NaOH. The adsorbed N!-methyl nicotinamide was 
eluted with a HC] solution at pH 4. 

NH; from N'-Methyl Nicotinamide and N'-Methyl Nicotino- 
hydroxamic Acid—The eluate from the Amberlite column was 
concentrated, the NH3 released with NaOH, and steam distilled 
into 10 ml of 1 N H.SO,. The distillate was concentrated. 

The conversion of the hydroxamic acid group of N'-methyl 
nicotinohydroxamic acid to ammonia was more difficult. A 
quantitative yield of NH; from the pyridine and the hydroxamic 
acid nitrogen was not obtained by the Kjeldahl method. Hy- 
drolysis of N'-methyl nicotinohydroxamic acid did not yield 
hydroxylamine from which NH; could be obtained by the 
Kjeldahl method. A small amount of NH3 was produced by an 
anomalous Lossen rearrangement (10) by heating the hydrox- 
amic acid in alkali and flushing the vapors through a few milliliters 
of 1 N sulfuric acid solution. An error in the N?!° determination 
was introduced because there was less than 1 mg of nitrogen 
available for analysis by the mass spectrometer. 

N15 Determination—The obtained from the N'!-methyl 
nicotinamide and the N'-methyl nicotinohydroxamic acid was 
converted by NaOBr to nitrogen (11). The N: was fed into the 
mass spectrometer for N!® analysis. We are indebted to the 
Department of Chemistry of Harvard University for the use of 
the mass spectrometer. 


RESULTS 


Subcellular Liver Fractions—The utilization of the nicotino- 
hydroxamic acid was followed in subcellular liver fractions. It 
was found that the activity of the crude homogenate or the homog- 
enate freed of cellular debris far exceeded that of the prepara- 
tion which lacked mitochondria. A liver supernatant fraction, 
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obtained after centrifuging for 1 hour at 100,000 x g, was es- 
sentially free from activity. The mitochondrial fraction alone 
was active, but the disappearance of hydroxamic acid was en- 
hanced by the addition of the liver supernatant fraction. How- 
ever, enhancement of utilization of nicotinohydroxamic acid 
occurred only at low concentrations of mitochondria. The 
relation between concentration of mitochondria and activity was 
not linear. When higher utilization of the hydroxamic acids 
was obtained with larger amounts of mitochondria, there was 
no enhancement of activity by the liver supernatant. For 
example, 1.0 ml of mitochondrial suspension promoted the disap- 
pearance of 0.23 umole of nicotinohydroxamic acid, whereas 
3.0 ml caused a disappearance of 1.78 umoles of the hydroxamic 
acid. 

Factor Requirements—The requirements for the reaction were 
determined by withdrawing factors, all of which are needed for 
oxidative phosphorylation. The results reported in Table I 
indicate (a) that ATP and KCl were not essential for this re- 
action, (b) that nicotinamide was slightly inhibitory, and (c) that 
DPN and glutamate were essential factors for activity. Further 


TABLE I 

Effect of withdrawal of factors from mitochondrial preparation 

The incubation medium consisted of 5 ml of each liver fraction, 
6 umoles of nicotinohydroxamic acid, and a final concentration 
of each of the following: 0.045 m K phosphate buffer (pH 7.5), 
10-*m DPN, 1.2 X 107-3 m KCI, 7.5 10-4 m ATP, 3.4 XK 107° 
MgCl:, 7.5 X 1073 Mm sodium glutamate, and 0.05 m nicotinamide. 
The unstoppered tubes were shaken for 2 hours at 37.5°. 


| 
Disappearance of nicotinohy- 
droxamic acid 


Omissions 

| Experiment 1 | Experiment 2 

| pmoles 
Omit nicotinamide.................... | See 1.69 


TABLE II 
Requirements for disappearance of nicotinohydroxamic acid 


The incubation medium contained 3 umoles of nicotinohydrox- 
amic acid, 0.5 ml of mitochondrial fraction, and the following 
final concentrations: 0.04 m K phosphate (pH 7.5), and where 
indicated 8 X 10-3 m sodium glutamate or glutamine, 6 X 10-4 Mm 
DPN, and 3.7 X 107m MgCle. The total volume was 5 ml. 


‘Disappearance of nicotinohydrox- 


amic acid 
Additions | 

| Experiment 1 | Experiment 2 

| pumoles 
Glutamate + DPN................... | 0.31 
Glutamate + | 0.05 
Glutamate + DPN + MgCl:.......... | 0.80 1.54 
Glutamine + DPN + MgClo.......... | 1.20 1.17 
Glutamine + MgClz.................. 0.07 
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TaBLeE III 
Influence of gas phase on disappearance of nicotinohydroxamic acid 
The additions are the same as in Table II. 


Disappearance of nicotinohydroxamic acid 
——e Without glutamate With glutamate 
Air | Ns | Air | Na 
ml pmoles umoles 
1 0.04 | 0.65 
2 2.78 | 2.90 
TABLE IV 


Stoichiometry of conversion of hydroxamic acids to amides 
_ Mitochondrial preparation (8 ml) was added to tubes 1 and 2. 
Tubes 3 and 4 contained 5 ml of mitochondrial preparation. The 
gas phase was nitrogen. Incubation medium was the same as in 


Table I. No sodium glutamate was added except to tube 4 (final 
concentration 6.7 K 107* M). 
Hydrox- Appearance | Amount 
Tube Substrate dronante amid amide | converted 
acl 
pmoles pmoles pmoles % 
1 | Nicotinohydroxamic 6 | 5.6 5.3 95 
acid 
2 | Nicotinohydroxamiec 12 #£«7.9 7.8 99 
acid | 
3 | N'-Methyl nicotino- | 5.8 108 
hydroxamic acid 
4 | N'!-Methyl nicotino- | 9 8.3 8.2 99 
hydroxamic acid 


experiments (Table II) implicated Mg**, and supported the 
need for DPN and either glutamate or glutamine as factors for 
the utilization of nicotinohydroxamic acid. 

Gas Phase—The fact that ATP was not a necessary factor for 
the reaction suggested that oxygen might not be essential. 
Indeed, the flushing of the mixture with nitrogen and incubating 
under nitrogen enhanced the utilization of the pyridine hydrox- 
amic acids (Table III). Under anaerobic conditions, glutamate 
was not so absolute a requirement for enzyme activity as was 
indicated by the aerobic experiment shown in Table I. 

Balance Experiments—N'-Methy] nicotinohydroxamic acid and 
the hydroxamic acid-*DPN also served as substrates for the mito- 
chondrial enzyme. All three pyridine hydroxamic acids are 
converted to amides. The stoichiometric conversion of nicotino- 
hydroxamic acid and N}-methyl nicotinohydroxamic acid to 
their corresponding amides is shown by the data in Table IV. 
The results are given for two experiments with each hydroxamic 
acid. The hydroxamic acid which disappeared was replaced by 
an equivalent amount of amide. However, the utilization of 
the hydroxamic acid-*DPN was not completely accounted for 
by the appearance of DPN, although a net increase of DPN was 
observed. The results of two experiments with the hydroxamic 
acid-*DPN are given in Table V. The second experiment con- 
tained glutamate in the incubation medium. Only 56 and 67%, 
respectively, of the hydroxamic acid which had disappeared could 
be accounted for as DPN. In several experiments, no DPN © 


was found at the end of the incubation, not even the added DPN. 
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TABLE V tivities by sonic disruption, the enzymic activity for the disap- 


Conversion of nicotinohydroxamic acid analogue of DPN to DPN 
The additions were the same as for tubes 1 and 2 in Table IV, 
except that the final concentration of DPN was 1.5 X 107% M, 
and tube 2 contained sodium glutamate (6.7 X 1073 mM). The 
DPN level was determined with veast alcohol dehydrogenase. 


| | 


Nicotinohydrox- | . 
pee sages Disappearance of | Appearance of | Amount 
Tube hydroxamic acid | DPN | converted 
pmoles | pumoles | pumoles % 
1 6 5.9 3.0 56 
67 
TaBLe VI 


Disappearance of various hydroxamic acids by 
mouse mitochondrial preparation 
The incubation medium consisted of 3 uwmoles of the hydrox- 
amie acid and 3 ml of mitochondrial fraction. The additions 
were the same as in Table II. 


Hydroxamic acid Disappearance 

pmoles 


TaBLeE VII 
Effect of DPN and glutamate on disappearance 
of various hydroxamic acids 
The additions are the same as in Table IT. 


Amount disappearing 


Substrate Amount added 
_ Without DPN | With DPN and 
_ and glutamate glutamate 
pumoles umoles 
Nicotinohydroxamie acid _ 3 0.32 1.34 
Benzohydroxamic acid 2.7 1.02 | 1.40 
Octanohydroxamie acid 3 2.60 | 2.56 
j i 


The lack of equivalence with the conversion of the hydroxamic 
acid-*DPN to DPN probably can be explained by the continuous 
breakdown of DPN, presumably by the contamination of the 
mitochondria with the microsomal DPNase. 

Enzyme Specificity—To test the specificity of the enzyme ac- 
tivity, a number of hydroxamic acids was incubated with the 
mouse mitochondrial preparation. The results of these experi- 
ments are shown in Table VI. Only salicohydroxamic acid 
failed to disappear during the incubation procedure. The aceto- 
hydroxamic acid and the butyrohydroxamic acid were not 
utilized so rapidly as the octanohydroxamic acid or the benzo- 
hydroxamic acid. Subsequent experiments showed that neither 
DPN nor glutamate is a factor in the disappearance of the 8- 
earbon hydroxamic acid (Table VII). Furthermore, sonication 
of the mitochondrial fraction destroyed the activity for the utili- 
zation of nicotinohydroxamic acid without affecting the disap- 
pearance of the octanohydroxamic acid (Table VIII). Because 
of the different factor requirements and separation of the ac- 


pearance of the aliphatic hydroxamic acids is thought to be dif. © 


ferent from the activity causing the disappearance of the pyridine 
hydroxamic acids. 

The disappearance of benzohydroxamic acid apparently jis 
dependent partly on the same enzymic activity as are the pyridine 
hydroxamie acids. Although benzohydroxamic acid disappears 
during the incubation period without DPN and glutamate, a 
greater activity was observed after the addition of DPN and 
glutamate. Furthermore, an appearance of amide occurred 
only after the addition of DPN and glutamate. The molecular 
structures of benzohydroxamic acid and _nicotinohydroxamic 
acid are, evidently, sufficiently similar to render benzohydrox- 
amic acid susceptible to reduction. 

Other Coenzymes—Various coenzymes were compared as fac- 
tors for the utilization of pyridine hydroxamic acids. The data 
are given in Table IX. DPNH and 3-acetylpyridine-*DPN 
were as effective as DPN for this reaction. Although TPN and 
TPNH possessed some activity under a nitrogen gas phase, they 
were not so effective as DPN. 

Other Metabolic Factors—When the gas phase was air, gluta- 
mate and glutamine were the only metabolites that consistently 
enhanced the disappearance of nicotinohydroxamic acid from the 
mitochondrial preparation. When the gas phase was nitrogen, 
as shown by the data in Table X, succinate, 8-hydroxybutyrate, 


TaBLeE VIII 


Effects of sonication of mouse mitochondrial fraction on 
disappearance of nicotinohydroxamic acid and 
octanohydroxamic acid 


See Table II for experimental conditions. Gas phase, N2. 


Substrate | of roxamic 
| pmoles pmoles 

Nicotinohydroxamie acid | 

Octanohydroxamiec acid | 

Sonicated...... 3 | 3.0 


TaBLeE 


Comparison of coenzymes as factors for disappearance 
of pyridine hydroxamic acid 


The additions are the same as in Table II. Gas phase, N>. 


Disappearance of N!-methyl 
nicotinohydroxamic acid 
Coenzyme 
Without With 
glutamate | glutamate 
pmoles 
Experiment 1 
None 0.00 0.14 
Experiment 2 
3-Acetylpyridine-*DPN............. 1.33 1.60 
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and aspartate also enhanced the reaction, although in this 
capacity they were not so effective as glutamate; a-ketoglutarate 
caused only a small stimulation over that of DPN alone. 

N®-Experiments—Experiments were performed in order to 
rule out the possibility of exchange reaction between the hy- 
droxamie acid group and an ammonia source which might ac- 
count for the amide formation. N}-Methy] nicotinohydroxamic 
acid was used as the substrate rather than the free base. The 
N! derivative was felt to be more suitable, since the free base 
can exchange with the nicotinamide moiety of DPN (9) which 
is not catalyzed by the animal tissue DPNases (12). The 
3-acetylpyridine-*DPN was used as the coenzyme in order to 
avoid any large amide contribution. After incubation with the 
mouse mitochondrial preparation, the N!-methyl nicotinamide 
was separated by the column procedure described in ‘‘Experi- 
mental Procedure.” This procedure also removed any endog- 
enous nicotinamide which could have been present. The N® 
determination of the N'-methyl] nicotinohydroxamic acid proved 
technically difficult, and the exact percentage of excess N" is 
not yet known. Nevertheless, the results given in Table XI 
show that a great deal, if not all, of the N*® still remained in the 
molecule, even when glutamate was included in the incubation 
medium. This evidence suggests that the conversion of the 
pyridine hydroxamic acid to the amide proceeds by a reduction 
of the hydroxamic acid group directly rather than by an exchange 
reaction. 


DISCUSSION 


Experimental evidence for a specific enzyme which converts 
nicotinohydroxamic acid, N!-methyl nicotinohydroxamic acid, 
and the nicotinohydroxamic acid-*DPN to their corresponding 
amides has been presented. This enzyme, which has not yet 
been purified, is stable in sucrose solution after being frozen for 
as long as 3 months. Sonication, freezing in water, and treat- 
ment with ammonium sulfate or acetone have inactivated the 
mitochondrial enzyme. 

The need for DPN for enzyme activity suggested a direct 
reduction of the hydroxamic acid to the amide. It was thought 
that glutamate might act as a substrate for the reduction of 
DPN to DPNH, and that DPNH would then react with the 
hydroxamie acid. The following reactions illustrate the pro- 
posed mechanism: 


DPN*+ + glutamate + H:O0 — 


1 
DPNH + a-ketoglutarate + NH; + H* a) 
OH 
| 
DPNH + —_N—OH + H+ > 
Nt 
| 
(2) 
O 
DPN+ + cr + H.O 

Nt 
| 


R 


Evidence was obtained which, at first glance, might suggest 
that these two reactions are not the mechanism for the conver- 
sion of the pyridine hydroxamic acids to the corresponding amides. 
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TABLE X 


Effect of various substrates on disappearance of 
N'-methyl nicotinohydroxamic acid 


See Table II for content of incubation medium. Gas phase, 


No. 
Disappearance of N'!-methyl 
nicotinohydroxamic acid 
Substrate 
Without DPN With DPN 
umoles 
a-Ketoglutarate...................... 0.18 1.21 
8-Hydroxybutyrate................... 0.05 2.41 


TaBLeE XI 
Conversion of N'*-hydroxamic acid to N'5-amide 
N'-Methyl nicotinohydroxamic acid-N'® (45 uwmoles) was in- 
cubated in a total volume of 42.7 ml. Gas phase was Ne. 3- 
Acetylpyridine-*DPN (3.3 X 107-4 mM) was used as the coenzyme. 
Where applicable, the additions to the incubation medium are the 
same as in Table II. 


% Excess N15 from amide 
% Excess N'* from hydroxamic 
aci 


Substrate 
Without With 
glutamate glutamate 
N'-Methyl nicotinohydroxamie acid. . | 0.65 0.82 


Although DPNH substituted for DPN, glutamate still enhanced 
the reaction; glutamate is not involved with the DPNH step as 
shown in Reaction 2. But a possible explanation, which would 
support the proposed mechanism, is that generated DPNH may 
be more effective in promoting the reduction because of com- 
petition for DPNH for other reactions. The fact that some 
amide was formed without added substrate may be due to the 
presence of substrates bound within the mitochondria. 

The loss of activity on sonic disruption suggests the possibility 
that one of the flavoproteins or cytochromes may be the im- 
mediate hydrogen donor in the reaction. Although this possi- 
bility exists, it should be pointed out that succinate also promotes 
the reduction of the pyridine hydroxamic acids. This effect of 
succinate also requires addition of DPN (see Table X). Since 
succinic dehydrogenase is known not to involve directly the 
pyridine coenzymes, this may indicate that the DPNH is directly 
involved in the reduction. The succinate effect, if DPNH is the 
direct donor, may be related to the observations made by Chance 
and Hollunger (13). It should be pointed out, however, that 
from data available at the present time no conclusion can be 
made regarding the exact nature of the immediate hydrogen 
donor. 

Evidence for the reduction of the hydroxamic group to the 
amide was obtained by the experiments with N”. Most, if 
not all, of the N from the hydroxamic acid group of N-methyl 
nicotinohydroxamic acid was found in the amide nitrogen. These 
results suggest a direct reduction rather than an exchange from 
another amide or ammonia source. 
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The physiological role of the enzyme remains to be discussed. 
The presence of a hydroxamic acid as a naturally occurring sub- 
stance in mammalian systems is not known. Pyridine hydrox- 
amic acids may occur in very small amounts, so that detection 
would be difficult. However, other compounds having oxida- 
tion states similar to the hydroxamic acids may also act as 
substrates for the enzyme. 

The specificity of the enzyme tends to implicate it in nicotina- 
mide or DPN metabolism. This mitochondrial enzyme is 
active enough to participate in DPN synthesis after injection 
df nicotinamide. The mechanism of DPN synthesis, as described 
by Preiss and Handler (14), has not involved a mitochondrial 
enzyme. However, the fact that administration of nicotinohy- 
droxamic acid leads to an increased level of DPN suggests a 
possible mitochondrial involvement in DPN synthesis. 


SUMMARY 


1. A mouse liver mitochondrial preparation catalyzes the 
formation of nicotinamide, .V'-methyl nicotinamide, and di- 
phosphopyridine nucleotide from nicotinohydroxamic acid, N?- 
methyl nicotinohydroxamic acid, and the nicotinohydroxamic 
acid analogue of diphosphopyridine nucleotide, respectively. 

2. The conversion of the hydroxamic acids to amides is de- 
pendent on the addition of diphosphopyridine nucleotide, its 
reduced form, or the 3-acetylpyridine analogue of diphosphopy- 
ridine nucleotide. The reaction is further enhanced by mag- 
nesium ion, glutamate, and anaerobic incubation. 

3. The enzyme is apparently specific for pyridine hydroxamic 
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acids, and is not the same one which catalyzes the disappearance 
of aliphatic hydroxamic acids. 

4. The evidence suggests that the pyridine hydroxamic acidg 
are reduced to their corresponding amides. The mechanism of 
this reduction and the physiological role of this enzyme are 
discussed. 
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The biosynthetic pathway of diphosphopyridine nucleotide 


has been formulated through a study of yeast autolysates, eryth- 
rocytes, and liver homogenates. Two such pathways have 
been described by these procedures. Each system ultimately 
utilizes the enzyme diphosphopyridine nucleotide pyrophos- 
phorylase. In the first pathway, the enzyme produces diphos- 
phopyridine nucleotide directly by coupling adenosine triphos- 
phate to nicotinamide mononucleotide (1); in the second 
pathway, the enzyme couples adenosine triphosphate to nicotinic 
acid mononucleotide to form the nicotinic acid analogue of di- 
phosphopyridine nucleotide (2). The nicotinic acid analogue of 
diphosphopyridine nucleotide is then amidated to produce di- 
phosphopyridine nucleotide (3). 

The enzymes involved in both pathways appear to be fairly 
ubiquitous in biological systems (1, 4) and it is difficult to eval- 
uate the importance of each system. Studies on diphospho- 
pyridine nucleotide levels in erythrocytes after the administra- 
tion of nicotinamide or nicotinic acid indicate that the main 
pathway of diphosphopyridine synthesis is through the formation 
of the nicotinic acid analogue of diphosphopyridine nucleotide, 
as only the latter compound can elevate the diphosphopyridine 
nucleotide level (5). Similar studies in mouse liver indicate the 
converse of the results obtained with erythrocytes; here nico- 
tinamide was found to be much more active than nicotinic acid 
(6). Although the effects of nicotinamide in the mouse suggest 
that a pathway involving nicotinamide mononucleotide may be 
the main system in the liver, recent studies (7) have shown that 
the nicotinic acid analogue of diphosphopyridine nucleotide is 
also elevated after nicotinamide injections. 

Normal levels of diphosphopyridine nucleotide may be also 
altered by the administration of azaserine (8). The subcutane- 
ous injection of this compound will reduce markedly the level 
of diphosphopyridine nucleotide in mouse liver in 2 hours. The 
mechanism by which this decrease occurs is not known; however, 
it appears likely that the turnover of diphosphopyridine nucleo- 
tide is affected. 

A study of the incorporation of the various moieties of di- 
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phosphopyridine nucleotide in the presence and absence of 
azaserine have been carried out in an effort to give some evalua- 
tion of the possible pathways of diphosphopyridine nucleotide 
formation in mouse liver as well as the mechanism of action of 
azaserine in reducing the diphosphopyridine nucleotide con- 
centration of this tissue. 


EXPERIMENTAL PROCEDURE 


Nicotinamide-7-C™ and nicotinic acid-7-C™ were purchased 
from Research Specialties Corporation. The other radioactive 
compounds were secured from the following companies: N1°H,Cl, 
The Isomet Corporation; H;P*O, converted to the sodium salt 
before use, Oak Ridge National Laboratories; and p-ribose-1-C%, 
the Volk Radiochemical Company. DPN was purchased from 
the Pabst Laboratories, and deamino-DPN was prepared from 
it by nitrous acid treatment (9). Azaserine was generously 
supplied by Parke, Davis and Company. Adenine-H* was 
prepared by the New England Nuclear Corporation. 

_ Experiments were conducted with 2- to 3-month-old BAF mice 
obtained from the Jackson Memorial Laboratories. The mice, 
each weighing 18 to 22 g, were raised on a diet of Purina labora- 
tory chow ad libitum; feed was withdrawn at time of injection as 
previously described (10). Azaserine injections were made sub- 
cutaneously, and all other injections were made intraperitoneally. 
Animals were killed by cervical dislocation. The livers were 
removed rapidly, blotted, weighed, and immediately homoge- 
nized in 5 volumes of cold 5% trichloroacetic acid. The homog- 
enates were centrifuged at low speed and aliquots of the super- 
natant were removed for analysis of total DPN. Four animals 
were used for each determination where azaserine was used; 
two animals were used at other points, except where indicated. 

Nucleoside di- and triphosphates, dinucleotides, and glycogen 
were precipitated from the trichloroacetic acid extracts by the 
addition of 5 volumes of cold acetone (—20°). The precipitate 
was removed by centrifugation at 1000 x g after being allowed 
to stand overnight at —20°. The precipitate was dissolved in 
a minimal amount of distilled water, and the solution was ad- 
justed to pH 7.5 with 0.5 n NaOH, then applied to a Dowex 1- 
formate column. The column was then washed with distilled 
water until free of 260 my-absorbing materials. The pyridine 
nucleotides were then eluted with 0.1 N formic acid (11). The 
fractions were measured at 260 my; the peak fractions were 
combined and the volume reduced in a vacuum at 30°. Al- 
though this fraction has been reported as pure DPN (12), we 
found when chromatographing the fraction in a system of 0.1 
M phosphate, pH 6.8, ammonium sulfate, and n-propanol (13) 
that a very faint spot of material capable of quenching ultra- 
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HOURS AFTER INJECTION 
Fic. 1. Effect of azaserine on pyridine nucleotide synthesis 
after nicotinamide injection. Values were determined on pooled 
liver extracts of four animals. Each animal was treated with 
12.5 mg of nicotinamide, 5 mg of azaserine, or both, at the points 
indicated. 


violet light, corresponding to CMP, appeared in addition to a 
similar spot corresponding to DPN. When the quantity of 
DPN in these fractions was diminished, as by prior treatment 
of the mice with azaserine, an increased amount of this substance 
(relative to DPN concentration) appeared and was isolated by 
elution from the paper. The material gave the same absorption 
spectrum as CMP and gave as well similar Rr values in several 
other chromatographic systems. Therefore, the combined DPN 
fraction from column chromatography was chromatographed 
on paper with the phosphate-propanol-ammonium sulfate sol- 
vent (13) and the DPN spot eluted with distilled water before 
the DPN was measured in those experiments involving the in- 
jection of P® or ribose-C. These compounds could have been 
incorporated into CMP, resulting in elevated specific activity of 
DPN. 

The synthesis of nicotinamide-8-N!° was carried out by a 
modification of the method of Murray et al. (14). This involved 
reaction of N!*H; with nicotinoyl chloride, the ammonia being 
produced by the action of KOH pellets on an aqueous solution 
of N145H,Cl (67% excess of N!*). The N!°H3 was generated in a 
Thunberg tube and allowed to pass through the side arm into a 
second tube containing the nicotinoyl chloride. Diffusion of 
ammonia to the tube containing nicotonyl chloride was facili- 
tated by placing that tube at —40° while the temperature of 
the generating tube was held at 40°. After 2 hours, the tubes 
were sealed and separated. The tube containing the mixture of 
nicotonyl chloride and N'H; was held an additional 16 hours 
at —5°, after which 10 ml of distilled water were added. The 
pH was adjusted to 7.5 and the solution filtered. The filtrate 
was then chromatographed on Dowex 1-formate and the eluate 
containing nicotinamide-8-N!* was collected free of nicotinuric 
acid resulting from hydrolysis of nicotinoyl chloride. The eluate 
was then brought to dryness under reduced pressure and the 
resulting nicotinamide was recrystallized from benzene to con- 
stant melting point. : | 

The DPN in N?! experiments was first isolated as described 
above, then cleaved by Neurospora DPNase and the adenosine- 
diphosphate ribose removed on a Dowex 1-formate column. 
Free nicotinamide was isolated as described previously, and the 
amide nitrogen of nicotinamide was then converted to nitrogen 
gas by the method of Sprinson and Rittenberg (15). The nitro- 
gen gas was analyzed for N!* in a Consolidated mass spectro- 
photometer, type 21-103C, the use of which was kindly made 
available to us by the Department of Chemistry, Harvard Uni- 
versity. 
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Radioactivity was measured by plating aliquots on sintered 
glass planchets and counting at “‘infinite thinness” in a propor- 
tional gas flow counter (University series, Baird Atomic). Ade- 


nine-H? was counted in a liquid scintillation spectrometer (Pack- - 


ard Instrument Company, Inc., model 314-P). 


RESULTS 


Effect of Azaserine on Liver DPN Levels—As reported pre- 
viously (8), the effects of azaserine were found to diminish the 
pre-existing liver DPN as well as inhibit the increased levels of 
DPN caused by the injection of nicotinamide. The effects of 
nicotinamide and azaserine are antagonistic to each other, de- 
pending upon time of injection. As shown in Fig. 1, when mice 
were given injections of azaserine first, the DPN level quickly 
fell. This reduction could be rapidly halted with an increase in 
DPN if these animals were treated with nicotinamide one-half 
hour after azaserine was administered. The converse of this 
experiment is also shown in Fig. 1. If nicotinamide was injected 
first, the DPN level quickly rose, and after 5 hours, the effects 
were neutralized and reversed with the administration of aza- 
serine. 

The effects of azaserine were found to be reversed only by 
nicotinamide. As shown in Table I, the almost simultaneous 
injection of nicotinamide and azaserine does not change the level 
of DPN. However, the almost simultaneous injection of either 
nicotinic acid, glutamine, deamino-DPN, or DPN with the 
azaserine has little effect on antagonizing the azaserine action 
on the liver DPN. 

Injection of Radioactive Phosphate, Ribose, and Nicotinic Acid— 
The injection of radioactive ribose or phosphorus with high levels 
of nicotinamide will cause an increased incorporation of radio- 
activity into liver DPN in agreement with the findings of Shuster 
et al. (12). If the azaserine is administered 2 hours after either 
ribose-C' or P® with nicotinamide, the total radioactivity falls 
with the concurrent reduction of the DPN liver levels. Sur- 
prisingly, the effect of azaserine on incorporation of ribose-C" 
or P® is to reduce the amount of radioactivity incorporated into 
DPN before azaserine treatment. This expresses itself by a 
reduction in specific activity as shown in Table II. A similar 
effect of azaserine on the incorporation of nicotinic acid into 
DPN is also shown in Table II. In this case, 50 mg per kg of 
nicotinic acid-C'™, which is the maximal stimulatory dosage 


TABLE 
Reversal of azaserine effect on DPN level 
of mouse liver 

Values were determined on pooled liver extracts of two animals. 
Azaserine (200 mg per kg of body weight) was injected at time 0 
and the other compounds (4.1 mmoles per kg of body weight), 30 
minutes later. Animals were killed 2 hours after azaserine injec- 
tion. 


Compounds injected DPN 
ug/g lover 

Azaserine + nicotinamide..................... 430 
Azaserine + nicotinic acid.................... 142 
Azaserine + glutamine........................ 181 
Azaserine + deamino-DPN.............. sts 185 


rh as —, 


) 
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TaBLeE II 
Effect of azaserine on specific activity of DPN after injection 
of nicotinic acid-7-C', or ribose-1-C™ 

The values were determined on isolated DPN from pooled liver 
extracts of two animals. Each animal was given an injection of 
5 ue of nicotinic acid-7-C (50 mg per kg of body weight), 50 ue of 
pz, or 5 we of D-ribose-1-C''. Unlabeled nicotinamide was ad- 
ministered together with P® or ribose-1-C™ at 500 mg per kg of 
body weight. Azaserine was administered at 200 mg per kg of 
body weight 2 hours after the injection of radioactive compounds. 


} 


Nicotinic acid-C# | + nicotinamide 
Time after | | 

azaserine | | | | 

| Control + — | Control | + — Control 3 —- 

c.p.m./pmole DPN | c.p.m./pmole DPN c.p.m./umole DPN 
0 27 , 800 175,220 14,200 | 

1 27,200 | 14,450 151,827 | 127,500 | 23,100 | 13,350 

2 30,200 | 22,200 126,945 ' 94,500 | 21,300 | 9,350 


TABLE III 
Effect of azaserine on specific activity of DPN after injection 
of nicotinamide-7-C™ 

The values were determined on isolated DPN from pooled liver 
extracts of two animals. Nicotinamide-7-C!, in above dosage, 
was administered by injection to all the animals, followed by 
azaserine (200 mg per kg of body weight) to half the groups, as 
indicated. 


| 10 uc (500 mg/kg) | 2 uc (500 mg/kg) 2 wc (50 mg/kg) 
| 0 hours before 2 hours before 16 hours before 
sateen | azaserine | azaserine azaserine 
azaserine | 
| Azaser- Azaser- 
Control Control + Control + 
hours | c.p.m./pmole DPN c.p.m./pmole DPN c.p.m./umole DPN 
0 | 65,000 | 60,000 | 3,712 10,332 
1 117,000 | 130,000 | 3,500 | 3,977 | 11,050 | 11,800 
2 252,000 | 248,000 | 4,175 4,500 | 11,800 | 12,100 
3 6,950 6,030 


given by nicotinic acid for DPN synthesis, were injected; higher 
levels have been found to be somewhat inhibitory to the coen- 
zyme formation in liver.! 

Injection of Labeled Nicotinamide—Although the total incor- 
poration of nicotinamide-7-C™ is reduced after the administra- 
tion of azaserine, there is no change in specific activity as was 
observed with radioactive ribose, phosphorus, or nicotinic acid. 
It can be seen from Table III that the specific activity is not 
altered by azaserine treatment even after 16 hours of treatment 
with low levels of nicotinamide (5 mg per kg) before azaserine 
injection. The simultaneous injection of azaserine with nico- 
tinamide-7-C™ similarly fails to influence the specific activity. 

Effect of Simultaneous Injection of Azaserine—Altering the 
time of injection of azaserine with nicotinic acid-7-C™ to the 
use of simultaneous injections as shown in Table IV, continues 
to cause a reduction of specific activity as compared to observa- 
tions with animals treated without azaserine. The simultaneous 
injection of ribose-1-C™ and nicotinamide with azaserine, as 
seen in Table V, results in the same diminution in specific activity 


‘Unpublished observations. 


TaBLe IV 


Effect of azaserine on specific activity of DPN after simultaneous 
injection of nicotinic acid-7-C or ribose-1-C' 

Each value was determined on isolated DPN from pooled liver 
extracts of two animals. Animals were given injections of 10 
ue of nicotinic acid (50 mg per kg of body weight) or 5 ue of ri- 
bose 1-C™ and nicotinamide (500 mg per kg). Azaserine was 
administered at 200 mg per kg of body weight. 


Nicotinic acid-7-C'4 Ribose-1-C™. and nicotinamide 
Time after 
azaserine 
| Control | + Azaserine Control + Azaserine 
hours | c.p.m./pmole DPN | c.p.m./pmole DPN 
1 127,120 #£63,673 51, 200 28 , 400 
2 121,821 53,592 26, 666 12,000 
3 | 23 , 800 4,100 
TABLE V 


Effect of azaserine on specific activity of DPN after the 
simultaneous injection of P® 
Each value was determined on isolated DPN from pooled liver 
extracts from two animals. Animals were given injections of 50 
uc of P®. Nicotinamide was administered with 500 mg per kg 
and azaserine at 200 mg per kg of body weight. 


| P22 and nicotinamide p32 
Time after 
azaserine 
| + Azaserine + Azaserine 
hours | c.p.m./umole DPN c.p.m./pmole DPN 
1 153,305 1,737,330 | 50,200 285, 000 
2 — 311,999 | 377,536 69 , 200 127,000 
3 185,705 287,595 
TaBLeE VI 


Effect of azaserine on incorporation of adenine-H$ 
into mouse liver DPN 
All figures represent the pooled analyses of fouranimals. Each 
animal was given an injection of 3.3 10-? ymoles of adenine-H$ 
with a specific activity of 2.97 X 10° c.p.m. per umole. 


Time after adenine | Adenine-H “Adenine + azaserine 
hours | c.p.m./umole DPN 
1 | 33,810 39, 690 
2 | 28 , 665 52,920 


as found when the azaserine treatment is delayed for 2 hours 
(Table II). 

When P® and nicotinamide are injected simultaneously with 
azaserine, the specific activity of the DPN of azaserine-treated 
animals increases, although the total level of DPN decreases. 
As shown in Table V, this effect also is observed in the absence 
of nicotinamide. There is a lowered incorporation of P? when 
nicotinamide is eliminated from the treatment schedule; this is in 
keeping with the findings of other investigators. It was of 
interest to see whether the increased incorporation of P* oc- 
curred by way of ATP incorporation. Adenine-H* was therefore 
injected alone and together with azaserine and, as seen in Table 
VI, the incorporation of adenine into DPN behaves similarly to 
P® incorporation. 

Fate of Amide Group in Nicotinamide—When nicotinamide-8- 
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TaBLe VII 
Incorporation of nicotinamide moiety of DPN 

All values were determined on pooled liver samples of 20 ani- 
mals, except when azaserine was used, in which case 25 animals 
wereused. Eachanimalreceived12.5mg of nicotinamide. Nico- 
tinamide-7-C™ was administered in 5 we amounts per animal; 
N?!* was given as 67 atom % excess as either N'5H,Cl or as the 
amide nitrogen of nicotinamide. Azaserine was injected at 200 
mg per kg of body weight. 


Compounds injected Specific oN in 


% 
Nicotinamide (amide N"5)..................... | 25 
N'15H,Cl + nicotinamide + azaserine..........| 13 


N° and nicotinamide-7-C™ are administered together at 500 
mg per kg C™ enters the liver DPN with relatively little 
dilution in specific activity while the N*®* is diluted in atom 
per cent excess of N'° approximately 1 to 4, as seen in Table 
VII. An exchange of amide nitrogen before incorporation of 
nicotinamide into DPN is also seen when N!°H,Cl is administered 
with unlabeled nicotinamide. In this case, the amide group of 
the nicotinamide moiety of DPN becomes labeled with N?°. 
Although azaserine reduces the total amount of N!> incorpora- 
tion, it does not appear to greatly alter the atom per cent excess 
of N!° into the nicotinamide moiety of DPN. 


DISCUSSION 


Langan et al. (7) have shown that the nicotinoyl moiety of 
nicotinamide is incorporated into nicotinic acid*DPN in the 
mouse liver, thus indicating the possible presence of the Preiss- 
Handler pathway of DPN synthesis in liver in vivo. The con- 
version of nicotinamide to the acid before its incorporation into 
DPN is also suggested by the dilution of the labeled amide group 
in a ratio of 1:4 as compared with the incorporation of the la- 
beled carbonyl group, the latter being relatively undiluted. 
It should be pointed out that the incorporation of labeled nico- 
tinamide into nicotinic acid*DPN and finally into DPN, does 
not indicate whether the loss of the amide group occurs at the 
free base or at the mononucleotide or nucleoside level. 

Azaserine lowers the total concentration of liver DPN. At 
least two possible mechanisms can be postulated for this obser- 
vation: (a) the inhibition of a synthetic step in the normal turn- 
over or (6) by an enhancement of DPN breakdown. The first 
mechanism is the most attractive in view of the studies of Preiss 
and Handler, who demonstrated that azaserine would inhibit the 
amidation reaction of nicotinic acid*DPN (3). However, no 
significant accumulation of nicotinic acid*DPN was observed 
after azaserine administration, as would be anticipated if such 
a block were operating in vivo (7). Furthermore, glutamine, the 
compound for which azaserine has been shown as a competitive 
inhibitor in amidation reactions (16), was not found to reverse 
the effects of azaserine on liver DPN levels. 

At first consideration, the enhancement of DPN breakdown 
was not considered a likely cause of azaserine action in reducing 
DPN levels (8), the observed turnover of DPN in the liver being 
too slow to account for the relatively rapid effects of azaserine 
onthe DPN concentration. The turnover of liver DPN based on 
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radioactive incorporation has been shown in this report and 
others (1, 2, 8) to be highly susceptible to alteration. Thus, 
the possibility that azaserine alters the turnover exists and 
could explain the action of azaserine upon DPN levels in the 
liver. 

In substantiation of the latter postulate, the specific activity 
of liver DPN after the incorporation of P®, nicotinic acid-7-C¥4, 
or ribose-1-C™ was found to be lowered after azaserine adminis- 
tration. If there were no enhancement of DPN turnover with 
azaserine treatment, the amount of radioactive DPN per unit 
of DPN would remain the same when a block in DPN synthesis 
occurred or the amount would rise if only a partial block were 
present. This mechanism would necessarily preclude an elimina- 
tion of radioactive moieties of DPN to prevent recyclization. 
Studies of the elimination of radioactive nicotinamide have 
shown that the vitamin is excreted more rapidly in various met- 
abolic forms after the administration of azaserine (17). 

It has been shown that the total incorporation as well as the 
specific activity of P® or adenine-H? into DPN is raised in ani- 
mals treated simultaneously with P** or adenine-H? and azaser- 
ine. A similar observation was made by Fernandes et al. (18) 
in studying the utilization of adenine-8-C' by ascites tumor 
cells. In their studies, they found that the rate of adenine 
utilization was increased after azaserine administration, and 
they concluded that these effects were due to the inhibition of 
de novo adenine formation by azaserine, thereby causing an in- 
creased utilization of pre-existing or added adenine. 

The experiments reported here suggest that azaserine induces 
a more rapid turnover of the DPN. The marked decrease in 
DPN levels resulting from azaserine injection would then result 
from a more rapid rate of destruction of the coenzyme as com- 
pared to the rate of synthesis. This hypothesis may also ac- 
count for the more rapid excretion of nicotinamide metabolites 
observed after the administration of azaserine,’ as the nicotin- 
amide arising from DPN breakdown would reenter the dinucleo- 
tide form at a rate slower than it was excreted. 

Although the total radioactive incorporation of nicotinamide- 
7-C™ is reduced by azaserine treatment, there is no change in 
specific activity as compared to nonazaserine treated animals, 
despite altered time of treatment or dosage. This suggests an 
equilibrium of the nicotinamide incorporated into DPN with 
the free nicotinamide existing in the liver by a reaction insensi- 
tive to azaserine. The DPNase described by Kaplan (19) can 
mediate this reaction and is not affected by azaserine. 

The action of DPNase might also account for the somewhat 
decreased effect of azaserine on the specific activity of DPN 
when animals were injected with nicotinic acid-7-C'™. When 


ribose-1-C'4, P82, or nicotinic acid-7-C™ was injected into mice, 


followed by azaserine 2 hours later (Table I1), there was a rapid 
drop in specific activity of DPN over the respective control 
animals; however, this effect continued for at least the next hour, 
except in the case of nicotinic acid-7-C™ injection. In the latter 
case, the specific activity increased in the next hour, presumably 
until it equaled that of the nonazaserine control group. Thus, 
the incorporation of nicotinic acid into DPN with its subsequent 
destruction would lead to an increase in the free nicotinamide 
pool, the amide in this case being labeled with C™ in position 7. 
This, in turn, could exchange with existing DPN and increase the 
specific activity of DPN, as observed with nicotinamide-7-C" ad- 
ministration (Table III) and where there is no diminution of 
specific activity. 
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SUMMARY 


1. Azaserine lowers the diphosphopyridine nucleotide level of 
mouse liver to approximately one-fourth of its normal content 
in2hours. This effect can be neutralized or reversed by nicotin- 
amide. Glutamine, nicotinic acid, deamino diphosphopyridine 
nucleotide or diphosphopyridine nucleotide have little or no 
effect on this action of azaserine. 

2. The synthesis of liver diphosphopyridine nucleotide in vivo 
appears to proceed, at least in part, via the formation of the 
nicotinic acid analogue of diphosphopyridine nucleotide. This 
is shown by the marked dilution of the amide group of nicotin- 
amide-N?!* before it 1s incorporated into diphosphopyridine nu- 
cleotide. On the other hand, the carbonyl group of nicotin- 
amide-7-C!4* is relatively undiluted when incorporated into 
diphosphopyridine nucleotide. 

3. The turnover of diphosphopyridine nucleotide is influenced 
by the presence of both nicotinamide and azaserine. Radio- 
active ribose, phosphorus, nicotinic acid, or nicotinamide is 
rapidly incorporated into liver diphosphopyridine nucleotide. 
The simultaneous injection of azaserine (200 mg per kg of body 
weight) and P** or adenine-H? increases the specific activity of 
diphosphopyridine nucleotide as well as the total radioactive 
phosphorus incorporated. 

When the injection of radioactive phosphorus, ribose, nicotinic 
acid, or nicotinamide was followed 2 hours later by azaserine, the 
total incorporation of radioactivity was reduced. In addition, 
the specific activities of all moieties injected with the exception of 
nicotinamide were found to be reduced in the presence of aza- 
serine. 

4, Although azaserine can alter the total incorporation of 
radioactive nicotinamide into diphosphopyridine nucleotide, the 
specific activity of the nicotinamide moiety of diphosphopyridine 
nucleotide is not altered by azaserine. Evidence has been ob- 
tained that the diphosphopyridine nucleotidase-catalyzed ex- 
change reaction, in which free nicotinamide exchanges with the 
bound nicotinamide of the diphosphopyridine nucleotide, occurs 
in vivo. 

5. Unlike the action of a true or partial blocking agent, azaser- 
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ine decreases the specific activity of diphosphopyridine nucleotide 
after injection of radioactive ribose or nicotinic acid. The spe- 
cific activity of diphosphopyridine nucleotide increases when 
azaserine is injected simultaneously with P*®, during the early 
time intervals when P* incorporation is still rapidly increasing in 
the control group. These results suggest that azaserine enhances 
the rate of diphosphopyridine nucleotide turnover. 


REFERENCES 


KORNBERG, A., J. Biol. Chem., 182, 779 (1950). 

. PREIss, J.. AND HANDLER, P., J. Biol. Chem., 233, 488 (1958). 

. PREIss, J., AND HANDLER, P., J. Biol. Chem., 233, 493 (1958). 

PREIss, J., AND HANDLER, P., /. Biol. Chem., 225, 759 (1957). 

HANDLER, P., AND Koun, J. I., J. Biol. Chem., 160, 447 (1943). 

Kapuan, N. O., Gotpin, A., HumpuHREys, S. R., Crorri, M. 

M., AND STOLZENBACH, F. E., J. Biol. Chem., 219, 287 (1956). 

. Lanegan, T. A., Kapitan, N. O., AND Suuster, L., J. Biol. 

Chem., 234, 2161 (1959). 

. NaRRop, 8. A., LanGan, T. A., JR., Kapitan, N. O., ano 

GoupIn, A., Nature (London), 183, 1674 (1959). 

. Kaptan, N. O., CoLtowick, 8. P., AND NEUFELD, F., J. 
Biol. Chem., 205, 1 (1953). 

. Kaptan, N. O., Gotpin, A., HUMPHREYS, S. R., AND STOLZEN- 
BACH, F. E., J. Biol. Chem., 226, 365 (1957). 

. KornBeErG, A., CoLowick, 8S. P., AND Kapian, N. O.,in S. P. 

CoLowick AND N. O. Kapitan (Editors), Methods in enzy- 

mology, Vol. III, Academie Press, Inc., New York, 1957, p. 

876. 


co 


— 


12. SHusTER, L., ANp Goupin, A., J. Biol. Chem., 230, 873 (1958). 
13. Pabst Laboratories, Circular No. OR-10 (1956). 
14. Murray, A., III, ann Wiuiiams, D. L., Organic synthesis 


with isotopes, Part I. Compounds of isotopic carbon, Inter- 
state Publishers, Inc., New York, 1958, p. 392. 


15. Sprinson, D. B., ano RirrensBere, D., J. Biol. Chem., 180, 


707 (1949). 


16. HARTMAN, 8. C., LEVENBERG, B., AND BucHANAN, J. M., J. 


Am. Chem. Soc., 77, 501 (1955). 


17. Bonavita, V., Narrop, 8. A., AND Kapuan, N. O., J. Biol. 


Chem., 236, 936 (1961). 


18. FERNANDES, J. F., L—EPaGce, G. A., anv LINDNER, A., Can. 


Res., 16, 154 (1956). 


19. Kapuan, N. O. in 8. P. CoLtowick anp N. O. Kapian (Edi- 


tors), Methods in enzymology, Vol. II, Academic Press, Inc., 
New York, 1955, p. 660. 


3 
d 
e 
y 
: 
h 
t 
e 
) 
r 
e 
j 
n 
t 
| 
h | | 
i 4 
T | 
e 
| 
e 
yf 
XUM 


Tue JouRNAL OF BIOLOGICAL CHEMISTRY 
Vol. 236, No. 3, March 1961 
Printed in U.S.A. 


Metabolites of Nicotinamide in Mouse Urine: 
Effects of Azaserine* 


Vincenzo Bonavita,t Stuart A. Narrop,t AND NATHAN QO. KAPLAN 


From the Graduate Department of Biochemistry, Brandeis University, Waltham, Massachusetts 


(Received for publication, October 4, 1960) 


The injection of high levels of nicotinamide has been shown to 
cause 8- to 10-fold increase in the diphosphopyridine nucleotide 
content of the liver (1, 2). Conversely, the administration of 
azaserine causes a 3-fold decrease in liver diphosphopyridine 
nucleotide (3). In an effort to elucidate the significance of these 
observations in relation to diphosphopyridine nucleotide syn- 
thesis in vivo, we have injected nicotinamide-7-C™ into mice in 
the presence and absence of azaserine, and followed the incor- 
poration of the isotope into various urinary products as well as 
the rate of C' excretion in the urine. 

In addition to the nicotinamide derivatives normally present 
in mammalian urine, we have found significant amounts of nico- 
tinamide-N-oxide, a compound which heretofore has not been 
found in the urine. The isolation oi this compound from mouse 
urine and its identification will be described; furthermore, infor- 
mation will be presented as to the effect of azaserine upon the 
excretion of the \-oxide as well as other derivatives of nicotin- 
amide. 


EXPERIMENTAL PROCEDURE 


Male BAF mice, with an average weight of 23 g, were obtained 
from the Jackson Memorial Laboratory. Nicotinamide-7-C'™ 
was purchased from the Research Specialties Company. Each 
mouse was given an intraperitoneal injection of 12.5 mg of nico- 
tinamide-7-C™ with a specific activity of 0.78 we per mg. Ten 
nicotinamide-7-C'*-injected mice were placed in an all glass 
metabolism cage, and water was supplied ad libitum. The urine 
was collected over a period of 24 hours and kept at —20° before 
analysis. Azaserine (kindly supplied by Parke, Davis and Com- 
pany) was injected subcutaneously into mice in which nicotin- 
amide had been administered 15 minutes earlier, and they were 
kept in separate glass metabolism cages with urine samples col- 
lected as described above. 

The total radioactivity of urine fractions was determined in a 
proportional gas flow counter after plating aliquots on glass 


* Publication No. 81 of the Graduate Department of Biochem- 
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was aided by grants from the National Cancer Institute of the 
National Institutes of Health (Grant No. CY-3611), The American 
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5245). A preliminary report of this paper was given at the Ameri- 
can Chemical Society Meeting, Atlantic City, New Jersey, Sep- 
tember, 1959. 

t Neurochemistry Trainee; permanent address, Department of 
Neurology, University of Palermo, Italy. 

t Special Postdoctoral Research Fellow of the National Institute 
of Dental Research, National Institutes of Health. 


planchets. Paper chromatography of urine fractions was per- 
formed by the ascending technique on Whatman No. 3 MM 
paper, with n-butanol (saturated with water) as the solvent. 
Radioactive spots were located with a rate flow meter (EKCO 
Electronics Ltd., England) connected to a rectilinear galvano- 
metric recorder (Houston Technical Laboratories). Nicotin- 
amide-N-oxide, N-methyl nicotinamide, and N-methyl-2-pyri- 
dine-5-carboxamide were kindly furnished by Drs. A. Schrecker, 
S. Shifrin, and A. San Pietro, respectively. Jack bean urease 
(practical grade, type II]) was purchased from the Sigma Chem- 
ical Company. 


RESULTS 


A diagrammatic representation of a typical radioautogram of 
mouse urine after nicotinamide-7-C" injection is shown in Fig. 1. 
After the injection of azaserine, the same pattern of radioactive 
spots was seen, although the distribution of radioactivity was 
found to be altered. Six spots were regularly observed with this 
technique. When the chromatograms were observed in a rate 
flow meter, the compounds with Ry values of 0.12, 0.23, and 0.60 


were found to contribute the major portion of radioactivity to - 


the urine. Because of the lack of good resolution of compounds 
with Ry 0.045 to 0.12, it was found necessary to analyze this 
band, composed of two or more compounds, in a combined frac- 


tion. 
The compounds containing radioactivity were further ex- 


‘amined by treating the chromatograms with cyanogen bromide 


(4) and with the Holman reagents which have been used for the 
determination of nicotinamide derivatives (5). Results with 
these reagents are given in Table I. On this basis, together with 
the Ry values, we have tentatively identified the compounds re- 
sulting from nicotinamide-7-C™ injection as N’-methy] nicotin- 
amide, nicotinic acid, N’-methyl-6-pyridone-5-carboxamide, and 
nicotinamide, with Rr values of 0.04, 0.12, 0.35, and 0.60, respec- 
tively; however, the compounds with R- 0.23 and 0.28 could not 
be identified by these methods. 

Isolation of Unknown Metabolite with Rr 0.23—In order to 1so- 
late the compound with Rr 0.23, a large amount of urine was 
accumulated over a 24-hour period from mice treated with nico- 
tinamide (500 mg per kg of body weight). The urine was mixed 
with urine from mice previously treated with nicotinamide-7-C" 
so that the unknown compound was radioactive. This solution 
was first adjusted to pH 5, and then 5 mg per ml of urease were 
added; the solution was placed at 37° until the evolution of CO: 
ceased, thereby removing all the urea; the latter was difficult to 
remove in later steps. When the urease reaction was completed, 
5 volumes of cold ethanol (100°7) were added, and the mixture 
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Fic. 1. Paper chromatographic radioautogram of mouse urine 
after giving nicotinamide-7-C'™. A‘O.1 ml aliquot of urine from 
a 24-hour collection of urine from mice was spotted on Whatman 
No. 1 paper. Each mouse was treated with 12.5 mg of nicotin- 
amide-7-C'*. The chromatogram was developed in an n-butanol 
(water-saturated) solvent system for 18 hours. 


TABLE I 
Some properties of radioactive metabolites of nicotinamide-7-C 


Urine was collected over a 24-hour period from 10 mice; each 
animal war treated with 5 we (12.5 mg) of nicotinamide-7-C™. On 
Whatman No. 1 paper, 0.1 ml was spotted and chromatographed 
for 24 hours with n-butanol (water-saturated) as a solvent. The 
reactions were performed directly on the chromatograms. 


| 
Results of tests with 


Radio- | 

pounds | teaction | gen bro-| Methanolic cyanide 
| (5) _mide | 

Rr | | | 

0.05| Pink | — Blue fluorescence, .\V’-Methyl-nico- 
| | tinamide 

Yellow Nicotinic acid 

0.23 Slightly: | Nicotinamide-N - 
| pink | — | —- oxide* 

0.35 | Purple | — | N’-Methyl-2-pyri- 
| | | done-5-carbox- 

| | amide 
0.60 Pink Yellow — | Nicotinamide 


* Nicotinamide-.V -oxide was first identified as described in the 
text and later compared in these systems. A dash indicates no 
reaction. 


was kept at —20° for 2 hours. The mixture was then filtered 
and the filtrate concentrated under reduced pressure to one- 
fourth the original volume. A 1 ml sample of the resulting solu- 
tion was then streaked as a 1-cm wide band on a 20-cm wide strip 
of Whatman No. 3 MM paper, and ascending chromatography 
with a n-butanol (water-saturated) solvent was carried out at 
room temperature for 16 to 18 hours. The band at Ry 0.23 was 
cut out and eluted with hot distilled water. 

Five such eluates obtained from this chromatographic proce- 
dure were pooled, filtered, and concentrated under reduced pres- 
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sure. The solution was then applied to a 1.5- * 10-em Dowex 
50-H* (200 to 400 mesh) column. The column was then washed 
with distilled water and the washing collected in 5 ml fractions. 
The fractions were measured in a spectrophotometer at 260 mu 
and 280 mu; those fractions with a 260- to 280-my ratio of 4.2 
were pooled and brought to dryness under reduced pressure. 
The residue was dissolved in hot n-butyl alcohol; the solution 
was filtered and allowed to coolovernight. Needle-shaped crystals 
resulted from this procedure. The compound was recrystallized 
to give a constant melting point with decomposition at 295-296°. 

Identification ef Metabolite—The compound with Re 0.23 was 
found to have an ultraviolet absorption spectrum with a maximal 
absorption at 260 my and an a, of 75.74 at neutral pH. As seen 
in Fig. 2, the maximal absorbancy is increased and _ slightly 
shifted at an alkaline pH, whereas it is lowered in acid. 

The infrared spectrum of the metabolite in DsO is shown in 
Fig. 3. The peak at 1400 cm~! is similar to those reported for 
amides while that at 1700 em~ has been reported for pyridinium 
absorption (8). These facts in addition to the 260 my absorb- 
ance in the ultraviolet region and the labeling of the metabolite as 
a result of nicotinamide-7-C™ administration suggest that the 
entire molecule of nicotinamide is incorporated into the metab- 
olite. Chromatographic evidence indicated that the compound 
was not nicotinamide or any of the common metabolites thereof 
occurring in the urine (9, 10). 

Chayvkin and Bloch (11) have reported the occurrence of la- 
beled nicotinamide-N-oxide in rat liver after the injection of 
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Fic. 2. Ultraviolet absorption spectrum of the unknown 
metabolite of nicotinamide-7-C'. The metabolite was recrystal- 
lized twice from butanol, and 30.54 yg of the crystalline com- 
pound in a final volume of 3 ml was used in each ease. 
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Fic. 3. A comparison of the infrared spectrum of the recrystal- 
lized unknown nicotinamide metabolite designated as Rp 0.23 with 
nicotinamide-.V -oxide. The compounds were each dissolved in 
D.O. 
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labeled nicotinamide, as well as the conversion of nicotinamide- 
N-oxide to nicotinamide upon incubation with homogenates of 
rat liver. The infrared spectrum of the recrystallized Re 0.23 
compound was found to be similar to that of nicotinamide-.V- 
oxide (see Fig. 3). The melting point of nicotinamide-.V-oxide 
was found to be 295° with decomposition, and no change was 
observed when it was mixed with the recrystallized Re 0.23 com- 
pound. The Re of nicotinamide-.V-oxide in butanol (saturated 
with water) as a solvent was found to be 0.23. Furthermore, the 
nicotinamide-.V-oxide, like the isolated metabolite, gave a faint 
chromogen in the Holman test (5), and did not react with cvano- 
gen bromide (4) or methanolic cyanide (6, 7). 

For further identification, the recrystallized radioactive metab- 
olite was incubated with rat liver homogenate prepared according 
to the method of Chayvkin and Block (11). After incubation at 
37° the reaction mixture was chromatographed in the butanol 
solvent system and a radioactive spot of Rr 0.60 corresponding 
to nicotinamide was found. Incubation of known nicotinamide- 
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Fic. 4. Time course of C'* excretion after the injection of 5 
pe of nicotinamide-7-C!* (12.5 mg) per mouse; the mice were di- 
vided into two groups of 20 and placed in glass metabolism cages. 
O——O, group treated with azaserine (5 wg per mouse) 15 min- 
utes after the injection of nicotinamide-7-C'4%; @ @. con- 
trol group. Each point represents the total counts excreted. 


TABLE II 


Effect of azaserine on radioactive excretion of 
metabolites of nicotinamide 

Nicotinamide-7-C™, 5 we (12.5 mg), was administered to each of 
40 animals. Azaserine (200 mg per kg of body weight) was given 
to half of the group which were kept separately in glass metabo- 
lism cages. Urine was collected from both groups at the time 
intervals indicated. Total radioactivity was calculated on an 
aliquot of each fraction after chromatography. The values rep- 
resent the total excretion of radioactivity from the initial injec- 
tion at the times indicated. 


| aicatinic acid | Nicotinamide (free) 


Time of 
Control _Azaserine Control Azaserine Control | Azaserine 
4 x | ‘total c.p.m. 108 | total c.p.m. 108 
2.0 | | | 160 220 
53 | | 170 | 313 | | | 
8.7 | 97 | 40 | 50 | 533 | SOL | 985 
12.0 | 152 431 845 557 996 1030 
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N-oxide with this preparation resulted in a similar conversion to 
nicotinamide. When the liver preparation was heated at 109° 
for 5 minutes before incubation, only one radioactive spot was 
found corresponding to unchanged nicotinamide-.V-oxide. When 
a known sample of nicotinamide-.V-oxide or the isolated metabo. 
lite was hydrolyzed with 12 N HCl for 1 hour and examined by 
paper chromatography, both were found to be converted to an 
ultraviolet-absorbing compound with the same Re value charae- 
teristic of nicotinic acid-.V-oxide (11). 

Effect of Azaserine on Excretion of Nicotinamide Al etabolites— 
When azaserine was administered together with labeled nico- 
tinamide-7-C™ to mice, the total rate of excretion of radioactivity 
was found to be increased. As seen in Fig. 4., after 12 hours, the 
total activity of the urine of the animals in which nicotinamide- 
7-C™ and azaserine had been injected was approximately equal 
to that of animals given the same dosage of nicotinamide-7-C4 
alone. Most of the radioactivity of the azaserine-treated animals 
was excreted in approximately 8 hours, whereas a longer period 
for the excretion of the injected nicotinamide was found for the 
control mice. a 

In addition to causing an increased rate of excretion of nicotin- 
amide and its metabolites, azaserine was found to alter the distri- 
bution of radioactivity in the various nicotinamide metabolites, 
As shown in Table II, the total counts excreted as nicotinamide- 
N-oxide (Ry 0.23) were markedly reduced when azaserine was 
administered, notably between 8 and 12 hours after injection. — It 
appears that a considerable part of the radioactive nicotinamide 
in the azaserine-treated animals was converted to NV-methylnico- 
tinamide or nicotinic acid, as seen by an increased excretion of 
the bands of Ry 0.045 and 0.12. 


DISCUSSION 


The intraperitoneal treatment of mice with nicotinamide-7-C"¥ 
has been shown to result in the excretion of radioactive \-methyl- 
nicotinamide, nicotinamide, nicotinic acid, V’-methyl-6-pyridone- 
5-carboxamide, nicotinuric acid, and nicotinamide-.V-oxide. All 
of the compounds except nicotinamide-N-oxide have previously 
been reported as normal constituents of the urine (9, 10). The 
presence of an unidentified radioactive metabolite which gave an 
Ry value of 0.28 in n-butyl alcohol was also detected. Except 
for the lack of a positive reaction with the Holman reagent, 
which conceivably might be too insensitive for the amounts 
present, it is possible that this compound is N-methyl-4-pyn- 
done-5-carboxamide, which is described as occurring in rat urine 
(12). 

Nicotinamide-N-oxide could not be observed to occur in nor- 
mal urine by the chromatographic techniques employed; how- 
ever, it appeared as a major constituent of the urine after injec- 
tion of large doses (200 mg per kg) of nicotinamide. _ It is likely 
that nicotinamide-N-oxide is the unknown radioactive compound 
reported by Leifer et al. (13) in the urine of some mammals after 
administration of radioactive nicotinamide or nicotinic acid. 

High levels of nicotinamide have also been shown to cause an 
increase of mouse liver DPN, the maximal levels being reached 
8 hours after injection (1, 2). Since an increased nicotinamide- 
N-oxide excretion is seen after this time interval, it is attractive 
to consider this compound as a possible breakdown product of 
liver DPN. The decreased excretion of nicotinamide-N-oxide 


after azaserine injection is in keeping with this postulate ; azaser- 
ine has also been shown to depress considerably the synthesis of 
liver DPN (3). 
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In addition to lowering the amount of nicotinamide-.V-oxide 
excreted, azaserine also seems to increase the rate of excretion of 
all the nicotinamide metabolites as well as free nicotinamide itself. 
The increase in amount of V’-methy] nicotinamide after azaser- 
ine treatment, suggests that this metabolite does not arise from 
DPN and that its formation may represent a part of the nicotin- 
amide that does not go through the pathway of DPN synthesis. 


SUMMARY 


1. A new urinary metabolite of nicotinamide, nicotinamide-.\V- 
oxide, was found in mouse urine after the injection of nicotin- 
amide-7-C™. The metabolite was isolated by chromatographic 
procedures and recrystallized from n-butyl alcohol. [t was 
identified on the basis of Ry value in an n-butyl alcohol solvent 
system, and by its melting point, conversion to nicotinamide by 
mouse liver homogenate, infrared and ultraviolet absorption 
spectra. 

2. Injection of azaserine was found to alter the excretory pat- 
tern of nicotinamide metabolites. The rate of excretion of these 
metabolites, based on the amount of radioactivity excreted after 
administration of nicotinamide-7-C™, was found to increase with 
azaserine injection. In addition, the total excretion of nicotin- 
amide-V-oxide after azaserine injection was found to decrease 
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with a concurrent increase of compounds that appeared to be 
N’-methyl-nicotinamide or nicotinic acid. 


Ot 
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In a previous paper (2), evidence was presented for the exist- 
ence of the following pathway in the formation of adenosine 
triphosphate in photosynthetic phosphorylation: 


X* + Pj @o X ~ P (in light) (1) 
Y ~ P+ ADP} ATP 4+ X (in dark) (2) 


in which X* is a light-activated intermediate and both reactions 
are reversible in light. 

The mechanism suggested above implies that the final step 
should be observable as a simple exchange reaction between 
labeled adenosine diphosphate and adenosine triphosphate. 


ADP-C' + ATP = ADP + ATP-C" (3) 


Very similar mechanisms have been postulated in oxidative phos- 
phorylation. Recently, adenosine triphosphate-adenosine  di- 
phosphate exchange reaction was seen in mitochondrial frag- 
ments (3), and the responsible enzyme was extracted and puri- 
fied. 

The present paper describes the isolation, purification, and 
properties of an enzyme from spinach chloroplasts which also 
catalyzes the exchange reaction. 


EXPERIMENTAL PROCEDURE 


Assay for ADP-ATP Exchange—The assay was carried out in 
12 x 60-mm Pyrex test tubes. The reaction mixture, in a final 
volume of 0.08 ml, contained: 0.1 umole of ATP, 0.05 umole of 
ADP-C!, 0.25 umole of MgCl, 0.16 umole of Tris buffer, and 
protein equivalent to 5 wg of the purified enzyme. Incubation 
was at pH 8.0 ‘or 6 minutcs at 29°, after which 3 drops of ice- 
cold ethanol were added to stop the reaction instantaneously, 
and the tubes were placed in a boiling water bath for 2 minutes. 
The whole reaction mixture was then chromatographed on What- 
man No. 1 paper with a Pabst solvent system No. I (4). The 
chromatogram was developed for 16 to 18 hours, dried, and in- 
spected by ultraviolet light. The spots corresponding to AMP, 
ADP, and ATP were cut out and their radioactivity assayed. 
Myokinase activity was estimated by the increase in AMP-C". 

The ADP-8-C™ was purchased from Schwarz Biochemicals 
Corporation and contained about 7.50 AMP-C™ and 18% 
ATP-C™. 

Pyruvic kinase, creatine kinase, and carbamyl phosphate syn- 
thetase were assayed by incubating 1 umole of the appropriate 

* Contribution No. 309 from the MeCollum-Pratt Institute. 


Supported in part by Research Grant RG3923 from the National 
Institutes of Health. A preliminary report on this work was 


presented in August 1960 at the Annual Meeting of the American 
Society of Plant Physiologists (1). 
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phosphorylated substrate with 0.5 umole of ADP-C™, 0.5 umole 
of Mg**, and 50 wg of purified enzyme for 6 minutes, and assay- 
ing for the formation of ATP-C™. The presence of polynucleo- 
tide phosphorylase was measured by first incubating 50 ug of 
purified enzyme, 0.5 umole of ADP, and 0.5 umole of P;* in the 
presence of small amounts of yeast RNA or chloroplasts, then 
assaying for ADP. A similar method, with use of 0.5 umole 
of ATP, was used to measure ATP-P;* exchange. 

Inorganic phosphate was determined by the method of Go- 
mori (5). Chlorophyll was measured by the method of Arnon 
(6). ATP® was prepared from ADP and P,* with spinach 
chloroplasts (7). 


RESULTS 


Enzyme Purification 


Step I—Washed chloroplasts were isolated by a method pre- 
viously described (8). The final pellet from 1 kg of spinach 
leaves was suspended in 150 ml of cold 0.002 m Tris buffer, pH 
8.0, and transferred into a blendor glass. Two ice cubes were 
added and the suspension blended at maximal speed for 2 min- 
utes. After standing for 2 hours in the cold, the suspension was 


centrifuged at 100,000 x g for 30 minutes, and the supernatant . 


The residual pellet was reestracted as above with 


collected. 
Finally, the pellet was discarded and the 


100 ml of the buffer. 
supernatants pooled. 

Step II—The supernatant was concentrated by dialysis against 
Carbowax 6000 in 0.002 mM Tris, pH 8, to about 200 ml. It was 
then dialyzed for 24 hours against 0.002 m Tris buffer, pH 8, 
and cleared by centrifugation. 

Step [I[I—Acetone was added to 90°¢ (volume for volume), 
left to stand 24 hours, and the precipitate collected by centrifu- 
gation. The precipitate was suspended in 100 ml of 0.002 
Tris buffer, pH 8.0, dialyzed overnight against the same, and 
cleared by centrifugation. 

Step [1V-—The supernatant was adjusted to 75% acetone and 
the precipitate discarded. The supernatant was then adjusted 
to 95°% acetone, left to stand for 24 hours, and the precipitate 
collected. The precipitate was dissolved in 50 ml of 0.002 
Tris, pH 8.0, dialyzed overnight, and cleared by centrifugation. 
The supernatant was frozen overnight and then cleared again by 
centrifugation. 7 

Final yield was about 25 mg of protein per 100 mg of chloro- 
phyll; recovery of enzyme activity was >90% (Table I). The 
final product contains from 2 to 6% nucleic acids. Attempts at 
further fractionation resulted either in total loss of activity 
(ammonium sulfate precipitation, precipitation with KH,PO, at 
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TABLE 
Recovery and specific activity of ADP-ATP-exchanging enzyme 
during purification 

The assay mixture, in a total volume of 0.08 ml, contained: 0.1 
umole of ATP, 0.05 umole of ADP-C'*", 0.25 umole of MgCl., 0.16 
umole of Tris buffer, pH 8.0, and protein equivalent to 5 wg of the 
purified enzyme. After 6 minutes of incubation at 29°, the reac- 
tion Was stopped by adding ethanol and boiling, chromato- 
graphed on paper, and the radioactivity of ATP-C™, ADP-C%, 
and AMP-C! assayed. 


Specific activity 
Protein. | of ATP-ADP |, tal 


exchange activity 
| 
Whole chloroplasts..........  3500* | 0.5 | 1750 
Crude extract............... 940* 1.8 1610 
First acetone fraction.......| 180 | 11.0 
Second acetone fraction... 120 16.0 | 1920 


* Approximate values due to difficulty in protein determina- 
tion. 
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FRACTION 


Fic. 1. Protein distribution in the segments of a preparative 
electrophoresis tube after a 30-minute run at 25 milliamperes. 
Sample was introduced in segments 3 and 4. Arrows point to 
samples which were analyzed for exchange activity. For pH 7.0, 
0.02 m imidazole buffer; for pH 8.0, 0.02 m Tris buffer. 


pH 5.5, precipitation with K.HPO, at pH 8.0, protamine sulfate 
adsorption, paper electrophoresis), or loss of activity proportional 
to the amount of protein removed (by adsorption on bentonite, 
treatment with kanamycin, further acetone fractionation, and 
precipitation in distilled water). 

The purified enzyme was analyzed in a preparative electro- 
phoresis apparatus,! and the protein distribution determined in 
14 different fractions after a 30-minute run at 25 milliamperes 
(Fig. 1) at pH 7.0 and 8.0. Samples No. 8, 10, and 12 were 
assayed for enzymatic activity, and it was found that the spe- 
cific activity was about the same for all three and equal to that 
of a sample of the starting material. It was concluded that the 
large peak probably corresponded to the exchange enzyme with 
small contaminants on both slopes. Subsequent analytical 
assay in a Perkin-Elmer electrophoresis apparatus confirmed 


'G. L. Choules and R. Ballentine, in preparation. 


Fic. 2. Electrophoretic ascending pattern of protein in a Per- 
kin-Elmer microcell. Phosphate buffer, 0.05 m, pH 8.0, 51 min- 
utes at 4.7 milliamperes. 


TABLE II 
Enzymatic activities other than ATP-ADP exchange assayed in the 
purified enzyme preparation 
Reaction mixture contained 1 umo'e of substrate, 50 ug of en- 
zyme, 2 X 10°* mM MgClo, and where required, 0.5 umole of ADP or 
ATP. ‘‘None” refers to <0.1% of ADP-ATP exchange rate. 


Enzyme assayed _ Enzyme activity 
Glucose-6-P, fructose-6-P, fructose-1,6-diP | 

Glycerol-P None 
Photosynthetie pyridine nucleotide reductase | 

Protein phosphokinase (with casein and phosvi- — 

Glutamine synthetase (11). None 
Carbamyl phosphate synthetase............... None 
Polynucleotide phosphorylase................ None 
None 

TaBLe III 


Effect of Mg** concentration on rate of ADP-ATP exchange 


Same procedure as in Table I, except for varying Mg** concen- 
trations. 


Mg** concentration | Specific activity of ATP-ADP exchange 

M | pumoles/mg protein/min 
0 | 0.0 
2.5 X 10-4 | 4.9 
5X 10-4 | 7.9 
1 xX 10-3 | 14.0 
2.5 XK | 18.9 
5 xX | 18.9 


the presence of a major peak with two minor components (Fig. 
2). 
The purified enzyme preparation was assayed for the presence 
of other enzymatic activities, with negative results (Table II). 
Metal Requirements for ADP-ATP Exchange—The enzyme has 
an absolute requirement for a divalent cation. The optimal 
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concentration in the case of Mg** is reached at 2.56 & 10-3 M 
(Table III). 

Some other divalent ions (Fe**, Mn**, Co+*+, Ca**) could 
substitute for Mg**, whereas others (Zn**, Hg**, Cu**) were 


TaBLe 
Effect of divalent tons on ADP-ATP exchange 
Same procedure as Table I except for various cations added. 


Specific activity of ATP-ADP 


exchange 
Cation added Concentration 
—Mg** | 10-3 m Mg** 
: 3 pmoles mg protein/min 
0 | §=6.:10..8 
10-3 0 | 0 
10-3 0 0 
10-3 8.5 9.9 
10-8 6.9 8.1 
ico 
~ 
> Nay 
aq 60F 
= 
= 40F 
> 
20 
4.0 5.0 6.0 7.0 8.0 9.0 10.0 
pH 


Fic. 3. Enzyme activity for ATP-ADP exchange as a function 
of pH. For assay method, see text. 


TABLE V 
Effect of various additives on the ADP-ATP exchange 
Same procedure as Table I except for additives added. 


Additive Concentration Inhibition 

M % 
1 xX 10°* <3 
| 1 xX | <3 
1 x 10°% <5 
Thioglycollate............. 5X 10°% <10 
5 xX 10-4 | 35 
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inhibitory (Table IV). Although Ca** ions could substitute 
for Mg** to some extent, they were inhibitory in the presence 
of Mg**. 

pH Optimum for ADP-ATP Exchange Reaction—The pH de- 
pendence of the exchange reaction shows an optimum near pH 
8, with very gradual decrease at lower or higher pH (Fig. 3). 

Effect of Various Additives on ADP-ATP Exchange Reaction— 
The results are summarized in Table V. The lack of effect of 
arsenate and phosphate was to be expected in the absence of any 
ATP-P; exchange. The only significantly inhibitory compounds 
were NH,*, amines, and GDP, with slight inhibitions due to IDP, 
CDP, and UDP. 

Effect of Temperature on Enzyme Activity-——Samples of the en- 
zyme in 0.002 m Tris, pH 8.0, were heated for 2 minutes at the 
given temperature and subsequently assaved (Table VI). In- 
activation occurred between 50 and 60°. 

Enzyme Storage—The enzyme is stable when lyophilized. [It 
is stable for at least 3 months when frozen, provided the solu- 
tion contains more than | mg of protein per ml. At concentra- 
tions of 2 mg per ml or above, in 0.002 M Tris buffer, pH 8.0, 
it is stable to many repeated freezings and thawings. 

Enzyme Specificity—The exchange rate was tested with GDP, 
UDP, IDP, and CDP. The results are given in Table VII, 
It appears that the enzyme is very specific with regard to the 
nucleotide, and it could also indicate that GDP is bound tightly 
to the enzyme but is unable to serve as phosphate acceptor (see 
Table V). 


TaBLe VI 
Effect of temperature treatment on ADP-ATP exchanging enzyme 


Iinzyme was treated for 2 minutes at the given temperatures 
Same procedure as in Table I. 


| Specific activity of ATP-ADP exchange 


Temperature | 
| pmoles’mg protein/min 

20° | 16.6 
30° 16.6 
40° | 17.2 
50° | 11.8 
60° | 6.9 
80° 0 

100° 0) 


TaBLE VII 


Nucleotide specificity for nucleotide triphosphate-nucleotide 
diphosphate exchange 
Same experimental procedure as for Table I with the exception 
of 0.05 umole of the given nucleotide diphosphate substituting for 
the ADP or 0.1 umole of the GTP substituting for ATP. Activity 
was assayed by eluting the spots corresponding to ATP, ADP, and 
the nucleotide triphosphate and assaying at 260 muy. 


Nucleotide pair - Specific activity of ATP-ADP exchange 


pmoles/mg protein/min 


ATP-ADP | 16.5 
ATP-UDP | 4.4 
ATP-GDP | 2.1 
ATP-CDP | 0.9 
ATP-IDP | 3.3 
GTP-ADP 1.7 
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DISCUSSION 


From the above data it appears that spinach chloroplasts con- 
tain an enzyme similar in activity to that isolated from mito- 
chondria by Wadkins and Lehninger (3). Both the mitochon- 
drial and the chloroplast enzymes catalyze the same reaction, 
with no sign of other activities. Both require metal ions for 
activation, and neither of them is affected by phosphate. 

The question might be raised as to whether the enzyme ob- 

tained from chloroplast preparations is derived from contaminat- 
ing mitochondria. This can be ruled out on a number of different 
grounds. In the first place, the procedures for obtaining chloro- 
plasts have been shown previously to eliminate most mitochon- 
dria or mitochondrial enzymes (12, 13). In the second place, 
the purified enzyme obtained from chloroplasts has a specific 
activity (about 18 wmoles per mg of protein per minute) some 
§ times higher than that of the mitochondrial enzyme after 100- 
fold purification? Thus, it can be calculated that 1 mg of chloro- 
plast enzyme, derived from about 30 mg of protein in the original 
chloroplasts, has an activity equal to 6 mg of the mitochondrial 
enzyme derived from 600 mg of protein in the original mito- 
chondria. 
. In addition, the enzymes from the two different sources have 
some differing properties. For instance, the mitochondrial en- 
zvme requires Mg** or Mn** ions specifically, whereas the 
chloroplast enzyme can use Fe*+*+, Co*+, or (Table IV); 
on the other hand, GDP or GTP inhibit the chloroplast enzyme 
(Table V) but not the one from mitochondria.? 

Some suggestion that the chloroplast enzyme functions in 
photosynthetic phosphorylation is found in the inhibition by 
ammonium ions (14) and amines (15) (Table V), both of which 
act as uncouplers for photosynthetic phosphorylation. 

Comparing the rate of exchange to the rate of photosynthetic 
phosphorylation in intact chloroplasts, we find that the maximal 


2C. L. Wadkins, personal communication. 
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specific activity found for the exchange reaction is about one- 
third the rate of phosphorylation (300 versus 900 umoles per mg 
of chlorophyll per hour). It is possible that under more nearly 
optimal conditions for the exchange reaction, its rate would 
come closer to that of photosynthetic phosphorylation. 


SUMMARY 


An enzyme catalyzing the exchange of phosphate between 
adenosine triphosphate and adenosine diphosphate has been 
isolated and purified from spinach chloroplasts and some of its 
properties described. 
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Yaoi and Tamiya (1) found that Escherichia coli and Shigella 
dysenteriae, grown acrobically, exhibited an absorption band 
which differed from those of previously described cytochromes 
in that it lay within the red region of the spectrum. Keilin (2) 
attributed this band to a cytochrome component, designated 
a». Warburg et al. (3, 4), Negelein and Gerischer (5), Tamiya 
and Yamagutchi (6), and Fujita and Kodama (7) independently 
found spectroscopic evidence that eytochrome az was autonidiz- 
able and could combine with carbon monoxide and cyanide. 
Fujita and Kodama also showed that this cytochrome was widely 
distributed in other bacteria, e.g. .1zotobacter chroococcum, Proteus 
vulgaris, Acetobacter pasteurianum, Eberthella typhosa, and Sal- 
monella paratyphi. The oxidized form in whole cells showed the 
atypical band at 645 my in the visible region of the spectrum. 

With the basis mainly on the spectroscopic examination of 
cytochrome a2 in whole cells, it is generally assumed that in these 
organisms, cytochrome az functions as a cytochrome oxidase (8). 
Most recently, Barrett (9) has extracted and purified a green 
hemin from Aerobacter aerogenes and several other bacteria, all 
of which contain cytochrome a2, which he has designated as 
hemin 

In 1958, Horio (10, 11) extracted and partially purified four 
different kinds of soluble respiratory components from Pseudo- 
monas aeruginosa without the use of any detergent or organic 
solvent. Among the purified components, there was a greenish 
brown fraction which possessed a complex absorption spectrum 
that appeared to contain both a so-called cytochrome a. and 
a c-type cytochrome(s). This component exhibited a typical 
cytochrome oxidase activity which was entirely inhibited by 
carbon monoxide and cyanide. During the early purification, 
this oxidase was called cytochromegs, (10, 11) because of its 
greenish brown color; later (11, 12) it was renamed Pseudomonas 
cytochrome oxidase. 

Horio et al. later succeeded in crystallizing two soluble factors, 
namely, Pseudomonas! cytochrome c-551 (13, 14) and P. blue 
protein (11), and also in obtaining in very pure form P. cyto- 
chrome-554 (10) and P. cytochrome oxidase (12). Even after 
extensive purification, the P. cytochrome oxidase preparation 
continued to show both the absorption bands of c-type cyto- 
chrome(s) and so-called cytochrome a2. This indicated either 
that two different kinds of heme moieties were contained in one 
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molecule of P. cytochrome oxidase, or that the oxidase was 4 
tightly bound complex of two different heme proteins. P. cyto- 
chrome oxidase could rapidly oxidize P. cytochrome c-551 and 
P. blue protein in their reduced form and very slowly oxidize 
P. cytochrome-554. 

In this paper, we present a detailed procedure for purifying 
P. cytochrome oxidase from P. aeruginosa. The best prepara- 
tion, approximately 70° pure, has been used to study the physi- 
cochemical properties of P. cytochrome oxidase. 


EXPERIMENTAL PROCEDURE 


Organism—The strain of Pseudomonas aeruginosa was the 
same as In previous reports (10-14). It produced large amounts 
of respiratory components when grown in submerged culture 
with an oxygen tension of less than 20°; (15, 16). 

Medium and Growth of Organism—The medium has been de- 
scribed in an earlier report (14). The organism was cultured 
for 1 day in approximately 100 liters of medium in a deep steel 
tank at 37° without shaking in air. At the end of incubation, 
the medium contained an average of approximately 8 mg wet 
weight of the organism per ml. 

Preparation of Resin—The methods were the same as for the 
purification of P. cytochrome c-551 (14): Duolite CS-101, H-form, 
powdered from 150 to 200 mesh was suspended in water and 
its pH adjusted to approximately 6 with aqueous ammonia. 
Then the resin was washed with a large amount of ammonium 
phosphate buffer, 0.1 M in ammonium ion, pH 6.0, and washed 
with water. The resulting resin was called the pH 6 resin. 
Alternatively, Amberlite IRC-50 (CG-50, type 2) could be used 
but with somewhat lower efficiency. 

Zone Electrophoresis on Vertical Starch Column—Zone electro- 
phoresis was carried out on a vertical column packed with raw 
potato starch powder (30 X 3 cm in diameter) under the follow- 
ing experimental conditions: 0.1 M sodium phosphate buffer, 
pH 7.0; approximately 20 milliamperes at 350 to 400 volts with 
the anode at the bottom of the column; temperature, 4-5°. The 
starch powder (Wako Pure Chemical Industries, Company, Ltd., 
Osaka, Japan) was washed three times, first with a large amount 
of 1 N HCl, then with water to remove acid, and finally witha 
large amount of buffer. Only the buffered powder which sedi- 
mented on standing within half an hour was used. 

Electrophoretic Analysis—A Tiselius apparatus was_ used. 
The cells contained equilibrated buffer (0.02 m sodium phosphate 
buffer, ionic strength 0.10, adjusted with NaCl) as the overlying 
solution. A sample of P. cytochrome oxidase was dialyzed at 
4—5° against the buffer for three days with continuous stirring. 
Determinations of purity of P. cytochrome oxidase were carried 
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out in a melting ice bath (1°), and electrophoretic mobilities in 
a water bath regulated at 20°. Calculations were based upon 
movement of descending boundaries. 

Ultracentrifugal Analysis—Sedimentation measurements were 
made with a Spinco model E ultracentrifuge (rotor type AN-A). 
The runs were carried out at 259,700 x g at room temperature 
(approximately 20°). The average of initial and final tempera- 
tures was used for calculation. The s29,, was determined by 
the method of Svedberg and Pedersen (17). 

Diffusion Analysis—Diffusion was studied by the cylindrical 
lens schlieren method with the use of cells of the Neurath type; 
the temperature of the thermostat was regulated at 20 + 0.01°. 
Do, Was determined by a standard procedure (18). 

Partial Specific Volume—The densities of the solution and 
the solvent were measured at 20 + 0.05° with an Ostwald type 
of pyenometer (approximately 3 ml capacity), and V calculated 
in the usual way (19). 

Absorption Spectra—A Cary model 14 recording spectrophotom- 
eter with silica cuvettes was used (1-cm optical path). Protein 
concentration was simply expressed in terms of absorbancy at 
280 mu. 

Manometric Assay—A conventional Warburg manometric 
apparatus was used, and reactions were carried out at 30°. 

Analysis of Iron, Copper, and Nitrogen—A sample of P. cyto- 
chrome oxidase was dialyzed with stirring against glass-distilled 
water for 72 hours at 4—-5° with several changes of outside water. 
During the dialysis, some of the P. cytochrome oxidase was 
precipitated. The dialyzed solution containing the precipitate 
was desiccated at 60° over P.O; until the dried residue attained 
constant weight. Iron was estimated by the o-phenanthroline 
method (20-22), and copper by the dithizone method (22). 
Nitrogen was assayed by a micro-Kjeldahl procedure. 

Preparation of Crystalline P. Cytochrome c-551 and P. Blue 
Protein—P. cytochrome c-551 and P. blue protein were crystal- 
lized according to the methods of Horio et al. (9-11). 


RESULTS 
Purification of P. Cytochrome Oxidase 


Preparation of Acetone-Dried Cells—The culture medium (96 
liters), which had been estimated to contain approximately 660 
g of cells in wet weight, was filtered through a large Biichner 
funnel with the aid of 1 kg of Hyflo Super-Cel, and the grown 
cells were collected together with the Celite. After chilling to 
4-5° in a cold room, the cells collected together with Celite were 
thrown into 5 liters of acetone which had been chilled to —3° 
in dry ice bath. During the acetone treatment, the mixture 
was continuously stirred and its temperature was maintained 
at 0-3°. After 10 minutes, the mixture was swiftly filtered on a 
chilled Biichner funnel. The collected cells with Celite were 
washed with 2 liters of cold acetone, and dried at room tempera- 
ture (10-20°) for 1 day under a continuous stream of air. Al- 
ternatively, the cells collected by centrifugation were lyophilized. 
P. cytochrome oxidase could be purified from either lyophilized 
or acetone-dried cells by the following procedure. 

Extraction of P. Cytochrome Oxidase from Acetone-dried Cells— 
The acetone-dried cells with Celite were mixed well with 10 
liters of 0.1 M sodium citrate, pH 7.6, with a Waring Blendor. 
The mixture was heated at 40 + 1° for 10 minutes. After heat- 


ing, and without cooling, the mixture was filtered at room tem- 
perature on a large Biichner funnel. 
completed within 1 day. 


The filtration was usually 
The filtrate. 8.3 liters, pH 6.4, con- 
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TABLE 


Preparation of P. cytochrome oxidase from 660 g 
wet weight of P. aeruginosa cells 

Manometric vessels contained the following: in the main com- 
partment, 0.4 ml of 0.2 m sodium phosphate buffer, pH 6.4, an 
appropriate amount of enzyme solution, and water to make a 
total volume of 2.0 ml; in the side arm, 0.2 ml of 0.5 m hydro- 
quinone. Reactions were carried out at 30° in the presence and 
absence of 107? M potassium cyanide, because the preparations 
before the resin procedure were contaminated with cyanide-in- 
sensitive hydroquinone oxidase (12,14). The activity of P. cyto- 
chrome oxidase was regarded as the difference in oxygen uptake 
occurring in the absence and presence of cyanide. One unit of 
P. eytochrome oxidase was defined as that amount of enzyme 
catalyzing the consumption of 1 ul of oxygen during the first 5 
minutes of reaction. Specific enzyme activity was expressed by 
the ratio of units of the enzyme to Fogo my. 


Fraction Volume | Total units | | 
| ml | mM | | | & 

Crude extract.......... 8,300 539,500 107,900 0.20 (100) 
Rivanol-treated........ 9,300 | | 96,300 90 
Saturated (NH,4)2SO, | | | 
ppt. and dialysis... . .| 1,300 | 78,000 | 
Resin eluate............ 200 36,900 77,500 2.10 72 
(NH4)2SOy-fractiona- | | 

tion (50 to 70% satu- | | | | 

ration)...............| 54| 17,200| 56,000; 3.20 5&1 
Zone electrophoresis | | | 

| 18; 1,320 | 33,500 | 25.3 31 

Second run.........._ 12 | 540 | 17,420 32.3 16 


tained 107,900 units of P. cytochrome oxidase, and its specific 
enzyme activity was 0.20 (Table I). 

Treatment of Enzyme Extract with Rivanol—The brown-colored 
extract, 8.3 liters, was mixed with 1 liter of 4° aqueous rivanol,? 
which resulted in the formation of a large amount of viscous, 
fibrous precipitate. The precipitate was easily removed by 
filtration through a glass fiber sheet. 

Precipitation of Enzyme by Ammonium Sulfate—To the rivanol- 
treated extract, 9.3 liters, 6.3 kg of ammonium sulfate were added 
(approximately 95° % saturation), and the mixture was allowed 
to stand overnight in a cold room (4-5°). The resulting pre- 
cipitate was collected by centrifugation (10,000 x g for 30 min- 
utes). The brown precipitate was washed with 90°; saturated 
aqueous ammonium sulfate, pH 7, dissolved in 500 ml of water, 
and then centrifuged at 10,000 x g for 1 hour. The resulting 
supernatant was dialyzed against water for 2 days in a cold 
room. During the dialysis, the outside water was changed fre- 
quently, and the dialyzing tubes were replaced three times be- 
cause a brown viscous substance precipitated and adhered to 
the tube membrane, thereby interfering with continued dialysis. 
The P. cytochrome oxidase, which was partially precipitated 
during the dialysis, was stored together with all of the dialyzing 
tubes used. The dialyzed solution was centrifuged. The re- 
sulting precipitate and the stored tubes were well suspended in 
100 ml of 0.1 m sodium phosphate buffer, pH 7.0, and centrifuged 
at high speed. The resulting supernatant was dialyzed against 
10-4 m sodium phosphate buffer, pH 6.0, and centrifuged. The 
supernatants from both centrifugations were combined; the 


2 Also known as “‘acrinol’’ (6,9-diamino-2-ethoxyacridine lac- 
tate). 
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Fig. 1. Fractionation of P. evtochrome oxidase by zone electro- 
phoresis on a vertical starch column. —-—, total absorbancy, 
Boxe Specific enzyme activity of each fraction. 
mixture, 1.3 liters, contained 78,000 units of P. cytochrome 
oxidase, a vield of 72. 

If the first dialysis was done against 10-4 M sodium phosphate 
buffer, pH 6.0, almost all of the P. cytochrome oxidase remained 
in a water-soluble state, but excessive losses occurred in subse- 
quent steps. 

Chromatography on pH 6 Resin Column—The mixture (1.3 
liters) was passed through a pH 6 resin volumn (60 4 ¢m in 
diameter) and the eluate was stored for further purifications of 
P. cytochrome c-551 (14) and P. blue protein (11). P. eyvto- 
chrome oxidase was adsorbed on the column, forming a greenish 
brown zone at the top part of the column just below a vellow 
zone of residual rivanol. The adsorbed oxidase was eluted with 
2M ammonium phosphate buffer, pH 7.0. The resulting eluate 
(200 ml) was greenish brown, and contained 77,500 units of P. 
cytochrome oxidase, a yield of 72¢;. This eluate was still con- 
taminated with a small amount of rivanol. 

Fractionation by Ammonium Sulfate—An equal volume of 
saturated aqueous ammonium sulfate, pH 7, was added to the 
eluate and was immediately followed by centrifugation. To 
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the resulting supernatant, saturated aqueous ammonium sulfate 
was then added to achieve 70°; saturation. After standing 
overnight in a cold room, the mixture was centrifuged. The 
greenish brown precipitate was dissolved in 50 ml of water and 
clarified by centrifugation. The supernatant contained 55,000 
units, a vield of 51%. 

Electrophoresis—The enzyme solution was dialyzed 
against water for 3 days in a cold room. During the dialysis, 
a large amount of greenish brown precipitate was formed. The 
dialyzed solution containing the precipitate was lyophilized, 
dissolved in 2.5 ml of 0.1 mM sodium phosphate buffer, pH 7.0, 
and then centrifuged. The resulting dark brown precipitate 
was washed with 1.5 ml of the buffer. The supernatant fluid 
and the washings were mixed. The mixture was placed in the 
middle part of a column packed with raw potato starch powder 
(30 < 3 cm in diameter), where it formed a greenish brown zone, 
3 to 4 em long. Electrophoresis was carried out for 72 hours 
at 3-4°. During the electrophoresis, a large quantity of brown 
impurities migrated to the bottom of the column (anode) and 
flowed out from the starch column to another vessel which con- 
tained a large amount of buffer used to maintain the pH constant 
during the long electrophoresis. The P. cytochrome oxidase 
slowly migrated downward, a distance of approximately 5 cm, 
forming an intense green zone. Just below the green zone, a 
vellow-colored zone was formed, which was followed by a brown 
zone extending down to the bottom. No colored substance ap- 
peared to migrate above the green zone. At the end of electro- 
phoresis, the starch column was eluted with the buffer, and the 
eluate was collected in 3 ml fractions (Fig. 1). Fractions of 
P. cytochrome oxidase with specific activity greater than 20 
were combined; the collected mixture showed a specific activity 
of 25.3, and contained 33,500 units, a vield of 31%. 

If the electrophoresis was repeated with the use of the lvophi- 
lized powder of the enzyme, the specific activity rose to 32.3 
with a vield of 16. 

Storage of P. Cytochrome Oxidase—The purified P. cytochrome 
oxidase could be stored for several months without a notable 
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418 1.30 mg/mi. 
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OPTICAL DENSITY 
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WAVELENGTH (mp) 
Fig. 2. Absorption spectrum of P. cytochrome oxidase. Ap- ured at room temperature (22°). ——, oxidized form; - --, dithio- 


proximately 1.3 mg of the sample purified up to the final step of 
the purification procedure was dissolved in 1 ml of 0.1 M sodium 
phosphate buffer, pH 6.0. The absorption spectrum was meas- 


nite-reduced form. To obtain molecular extinction, multiply 
ordinate by 23.5 & 107 (250 to 500 my) or 7.2 X 107 (500 to 700 


my). 
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TABLE II 
Molecular extinction of absorption peaks of P. cytochrome oxidase 
Form | Absorption maximum | Molecular extinction 
Oxidized | 630 | 30.2 K 10° 
408 149 10° 
Reduced 625 | 36.0 * 10° 
554 | 30.2 10° 
549 | 30.2 X 10° 
521 | 29.9 &K 108 


418 | 182 X 105 


loss in enzyme activity when either in a frozen state at neutral 
pH or ina state in which the enzyme was precipitated at neutral 
pH in nearly saturated ammonium sulfate and stored in a re- 
frigerator (3-4°). 


Physicochemical Properties of P. Cytochrome Oxidase 


Absorption Spectrum—Absorption spectra of the P. cytochrome 
oxidase in its purest form were measured in 0.1 M sodium phos- 
phate buffer, pH 6.0. Absorption maxima were found at 630, 
535, 408, 360, and 278 my in the oxidized form, and at 625, 554, 
549, 521, and 418 my in the dithionite-reduced form (Fig. 2). 
The molecular extinctions of P. cytochrome oxidase were calcu- 
lated after correction for purity (see following) (Table II). 

Electrophoretic Behavior—The behavior of the purified P. 
cytochrome oxidase during electrophoresis in sodium phosphate 
buffer of various pH values between pH 5.95 and 7.31 was in- 
vestigated. The peak was overlapped by a shadow which ap- 
peared to result from the green color of the oxidase. However, 
the peak always exhibited irregularities on the anodic side after 
12 hours of electrophoresis. The results of zone electrophoresis 
purification suggested that these irregularities might be due 
mainly to brown impurities mentioned previously. By the 
conventional area method, the purity was estimated to be ap- 
proximately 70°;. The isoelectric point of P. cytochrome oxi- 
dase, pH 5.8, was determined by extrapolation to zero mobility, 
because a concentrated solution of P. cvtochrome oxidase became 
turbid at pH values lower than 5.9 (Fig. 3). 

Sedimentation Behavior—Sedimentation studies were carried 
out with the use of protein concentrations between 0.5 and 1.0% 
(weight per volume). One of the patterns obtained is shown 
in Fig. 4. These runs showed that the sample consisted of pro- 
tein almost homogeneous as regards sedimentation. The s829,,, 
was calculated to be 5.8 &K 10-" second and was essentially in- 
dependent of the protein concentrations tested. A critical run 
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Fic. 3. Electrophoretic mobility as a function of pH for P. 
cytochrome oxidase. All buffers were sodium phosphate buffers, 
0.1 mM. Mobilities were calculated from the descending bound- 
aries. 


performed with the highest concentration of the sample showed 
that the sample was contaminated with a molecule slightly 
smaller than P. cytochrome oxidase (S2,,, about 5 « 10-8 
second), but not with a molecule as small as P. cytochrome 
c-551 = 1.34 * second). 

Diffusion Behavior—Diffusion measurements were performed 
with the same sample solution used in sedimentation analysis. 
Deo, Was calculated to be 5.8 x 10-7 cm? per second, and was 
almost independent of the protein concentration tested. 

Partial Specific Volume (V)—With the same sample as in the 
sedimentation and diffusion studies, the apparent partial specific 
volume was determined as 0.73 ml per g. 

Calculation of Molecular Weight—From the sedimentation 
and diffusion coefficients and partial specific volume, the molecu- 
lar weight of P. cytochrome oxidase was calculated to be ~ 
90,000. 

Content of Iron, Copper, and Nitrogen—lIron, | g atom, was 
detected in each 67,000 g of the P. cytochrome oxidase sample, 
but copper was not detected. The nitrogen content was 16.3%. 

If the sample contained 30% impurity, as was indicated by 
the electrophoretic results, then there would be | g atom of iron 
per 46,900 g of protein. Inasmuch as the molecular weight 
calculated from s, D, and V was ~90,000, it was concluded from 
the iron analysis that 2 iron atoms were contained in | molecule 
of P. cytochrome oxidase of molecular weight ~94,000. 


Properties of Heme Moieties of P. Cytochrome Oxidase 


Acid-Acetone Treatment—To 1 volume of P. cytochrome oxi- 
dase solution which had been completely dialyzed against water, 
were added 4 volumes of cold acetone containing 0.5 N HCl. 
The mixture was allowed to stand for a few minutes in a melting 


Fic. 4. Sedimentation velocity photograph obtained with P. cytochrome oxidase at 59,780 r.p.m. in 0.1 mM sodium phosphate 
buffer of pH 6.4. The concentration of the sample was approximately 0.6% (weight per volume). Sedimentation proceeded 
from right to left. Pictures shown were taken at 0, 16, 32, 48, and 64-minute intervals. 
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OPTICAL DENSITY 


WAVELENGTH 


protein moiety. ——,---, heme extracted by HCl-acetone; 
dithionite-reduced forms. 


ice bath and was then centrifuged. The supernatant was vividly 
green, the precipitate brownish red. The precipitate was washed 
with a small volume of a mixture consisting of 1 volume of water 
and 4+ volumes of HCl-acetone. The washing was combined 
with the first supernatant, the mixture adjusted to ~pH 8 with 
the use of 5 N NaOH, and then assayed spectrophotometrically 
(Fig. 5). Absorption spectra of the extracted hemin az varied 
greatly in repeated experiments. These variations may have re- 
sulted from slight differences in pH of the sample solution and 
from the extreme lability of hemin az itself. It was apparent that 
the linkage(s) binding the heme az moiety to its protein were 
markedly acid-labile, so that without use of organic solvents, the 
hemin az could be cleaved from protein at a pH lower than 5. 
Lowering the pH was found to liberate increasing amounts of 
hemin do. 

The brownish red precipitate from the HCl-acetone treatment 
was easily dissolved in water, although its solubility was not high. 
As 1 N NaOH was added to the solution, turbidity developed near 
pH 6; further addition of alkali completely clarified the solution 
and greatly increased the solubility of the precipitate. The 
solution was adjusted to pH 8, and the red solution that resulted 
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Fic. 6. Absorption spectra of hemin az compounds. 
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Fic. 5. Absorption spectra of heme cleaved from P. eytochrome oxidase by HCl-acetone extraction, and of the remaining heme 


, eee, remaining heme moiety; oxidized forms; 


was sufficiently stable for spectrophotometric assay (Fig. 5), 
Its absorption spectrum was very similar to that seen with a 
typical c-type cytochrome, except that the a@-absorption maxi- 
mum of its dithionite-reduced form had a flat peak from 550 mg 
to 553 muy, thus differing from the case of P. cytochrome oxidase 
which exhibited a distinct trough (Fig. 2). The extinction ratio 
of a-peak to B-peak was 1.1, notably different from that of typical 
cytochrome c. Furthermore, if this protein moiety carrying a 
c-type heme was treated with acetone containing a higher con- 
centration of acid, the color of the protein changed from reddish 
brown to white, the c-tvype absorption spectrum was lost, and 
almost all the iron was found in the supernatant and not in the 
protein moiety. 

The HCl-acetone extract of P. cytochrome oxidase, green in 
color, was adjusted to about pH 10 with 1 N NaOH, thus forminga 
green layer at the bottom part of the solution. A few drops of 
pyridine were then added with vigorous stirring for 5 minutes. 
The pyridine hemochrome separated as a green layer at the bot- 
tom of the solution, and it was removed from the supernatant 
layer. 

The pyridine hemochrome was easily dissolved in water, in 
this respect being different from that of other kinds of pyridine 
hemochromes. After dilution with water to an appropriate 
concentration, it was assayed spectrophotometrically (Fig. 6). 
The cyanide hemochrome of hemin a2 was prepared in a manner 
similar to that used in making the pyridine hemochrome (Fig. 6). 
In contrast with the hemin a2 extracted into HCl-acetone, the 
pyridine hemochrome was considerably stable when reduced 
anaerobically; however, when reduced in air, its color faded 
rapidly from green to pale yellow. The reduced pyridine hemo- 
chrome showed absorption maxima at 620, 550, and 414 mp. 
Except for the optical density at 620 my, the absorption peaks 
did not shift with a change of pH. When carbon monoxide was 
bubbled through the reduced pyridine hemochrome, the resulting 
CO-pyridine hemochrome showed absorption maxima at 630 mp 
and 412 muy, the shoulder around 460 mu became more definite 
than that of the pyridine hemochrome, and the small peak at 
548 mu which was observed with the pyridine hemochrome disap- 
peared. The cyanide hemochrome showed absorption maxima 
at 635, 554, 476, and 419 my, and was more stable than the pyr- 
dine hemochrome. 

Iron determinations revealed that the supernatant and the 
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precipitate resulting from treatment at low temperature with 
0.5 N HCl-acetone contained 57 and 41%, respectively, of the 
total iron present in the purified P. cytochrome oxidase. Based 
upon the difference in absorption spectra of the supernatant and 
of the precipitate (Fig. 5), and the strong possibility that P. 
cytochrome oxidase possessed two iron atoms in each molecule, it 
was concluded that P. cytochrome oxidase had two heme irons 
and no nonheme iron in each molecule. As for the reasons why 
the supernatant of the HCl-acetone extraction contained more 
iron than the precipitate, at least two explanations could be ad- 
vanced: (a) The P. cytochrome oxidase sample purified up to the 
final step Was contaminated with hemin a. which had been lib- 
erated from the protein moiety during the course of purification 
because of its weak binding to the protein moiety; (6) The HCI- 
acetone treatment partially broke the c-tvpe heme and liberated 
some heme iron into the supernatant. However, when the 
brownish red precipitate which had been separated from hemin 
a, was treated again with 0.5 N HCl-acetone at low temperature, 
no more iron was liberated. The spectrum of this precipitate, 
both in shape and extinction, also was not altered. Thus, the 
latter possibility appeared to be eliminated, leaving the alterna- 
tive that the purified oxidase had been contaminated with hemin 
a. However, another possibility, that of contaminating sub- 
stances carrying nonheme iron which were extractable into the 
acidic acetone, could be imagined. 


Phystological Properties of P. Cytochrome Oxidase 


Oxidations by P. Cytochrome Oxidase of Reduced P. Cytochrome 
c-551, Reduced P. Blue Protein, and Hydroquinone.—The pH 
optima for oxidations of reduced P. cytochrome c¢-551, reduced 
P. blue protein, and hydroquinone were re-examined with the use 
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Fic. 7. pH activity curve for oxidation of reduced P. cyto- 
chrome c-551 by P. cytochrome oxidase. The enzyme activity was 
assayed by following the decrease in optical density at 551 my 
(a-absorption maximum of reduced P. cytochrome c-551). The 
cuvette contained 0.11 mM sodium phosphate buffer (H;PO,4-Na- 
HPO, or NaH2PO -NasHPO,), 1.7 X 10-5 M reduced P. cytochrome 
¢-5ol, and the purified enzyme, in 3.5 ml of total volume. Reac- 
tions were started by adding the enzyme and measuring at room 
temperature (18°). Initial linear reaction rates were compared. 
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of the highly purified P. cytochrome oxidase (Figs. 7, 8, and 9). 
The pH optimum was 5.1 for oxidations of reduced P. cytochrome 
c-551 and reduced P. blue protein, and 6.4 for oxidation of hydro- 
quinone. These pH optima were very similar to those previously 
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Fic. 8. pH activity curve for the oxidation of reduced P. blue 
protein by P. cytochrome oxidase. The experimental conditions 
were the same as for Fig. 6, except that reduced P. blue protein 
(4.3 & 10°* M) was used instead of reduced P. cytochrome c-551. 
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Fic. 9. pH activity curve for oxidation of hydroquinone by P. 


cytochrome oxidase. The experimental conditions were the same 
as for Table I, except that buffers of different pH were used, the 
enzyme had been purified up to the final step, and cyanide was 
omitted. 
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Cc Km =3.9x10°M 


P-BLUE PROTEIN 


o 
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P-—CYTOCHROME C-55i 7 


Km =1.9x107° M 


- 5.26 - 2.56 0 | 2 3 4 5 6 


Fig. 10. 1/V - 1/8 curves for oxidations of reduced P. cyto- 
chrome c-551, and P. blue protein by P. evtochrome oxidase. The 
experimental conditions were the same as for Figs. 6 and 7, except 
that phosphate buffer, pH 5.1, was used. 
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Fig. 11. 1/V - 1/S curve for oxidation of hydroquinone by P. 
evtochrome oxidase. The experimental conditions were the same 
as for Fig. 8, except that phosphate buffer, pH 6.4, was used. 


obtained with a cruder enzyme preparation, but they were gen- 
erally a little more acidic. : 

K,, was determined to be 1.9 & 10-° M for oxidation of reduced 
P. cytochrome c-551, 3.9 & 10-° m for oxidation of reduced P. 
blue protein (Fig. 10), and 4.2 « 10°? m for hydroquinone oxida- 
tion (Fig. 11). The turnover number was calculated to be 96 
(in moles per mole of P. cytochrome oxidase per minute) at pH 
5.1 and at 18° for P. cytochrome ¢-551, 100 at pH 5.1 and at 18° 
for P. blue protein, and 54 at pH 6.4 and at 30° for hydroquinone. 


DISCUSSION 


Verhoeven and Takeda (23) have described a 70-fold purifica- 
tion of a cytochrome-nitrite oxidase achieved by ammonium sul- 
fate fractionation and Celite treatment, using Pseudomonas 
aeruginosa Which had been cultured anaerobically in a nitrate- 
containing medium. Their purified sample showed another en- 
zymic activity, cytochrome-oxygen oxidase, and the ratio of 
activities of cytochrome-nitrite oxidase and cytochrome-oxygen 
oxidase was improved from 3:1 to 9:1 after treatment with alu- 
mina Cy gel. Furthermore, the latter activity was extremely 
sensitive to cyanide, but the former was not, strongly suggesting 
that the oxidases were different. 

Our highly purified P. evtochrome oxidase is probably the same 
as the cytochrome-oxygen oxidase of Verhoeven and Takeda, for 
it is sensitive to cyanide and to carbon monoxide (12). Its iso- 
electric point has been determined as pH 5.8, although the af- 
finity of the protein for cationic resins suggests that it might be 
more basic. 

In addition to P. cytochrome oxidase, P.-cytochrome c 551 and 
P. cytochrome-554 have been purified from the same organism 
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(11, 14). These remaining as impurities in the highly purified 
P. cytochrome oxidase sample may be responsible for the absorp- 
tion peaks similar to those of c-type cytochromes. However, 
this is very unlikely because of the following facts: (a) P. cyto- 
chrome ¢-551 and P. eytochrome-554 could be separated casily 
from P. cytochrome oxidase in the course of purification, because 
of marked differences in isoelectric points, in solubility in am- 
monium sulfate, and in behavior on the cationic resins. (5) Sedi- 
mentation studies showed that the sample of P. cytochrome ovi- 
dase was not contaminated with such a small molecule as P. 
cytochrome c-551.  (c) Acidic acetone could solubilize hemin a, 
and separate it from another heme still bound on the protein 
moiety of the oxidase, which was precipitated by the acetone, 
The hemoprotein, free of hemin a2, could be dissolved in water 
and showed an absorption spectrum similar but notably different 
from that of the c-type cytochromes. 

Together with the result of iron analysis of the highly purified 
P. cytochrome oxidase, it can be safely concluded that P. cyto- 
chrome oxidase contains two different kinds of heme in 1 mole- 
cule: heme az and a c-like heme. In contrast with mammalian 
cytochrome c oxidase (24, 25), there is no copper present. 

As already mentioned, a cytochrome which is found in a num- 
ber of bacteria and which has a-absorption band at around 630 
my has been called cytochrome a2. However, no cytochrome, 
other than P. cytochrome oxidase, which has the absorption band 
of cytochrome az, has been purified. P. cytochrome oxidase has 
a c-type heme as well as heme a2 on one molecule. Therefore, 
even P. cytochrome oxidase is not cytochrome a2. Inasmuch as 
cytochrome a2, which has only heme ae, has not vet been isolated 
and purified, it is not established that cytochrome az, which has 
only heme az as a prosthetic group, exists as such in any bae- 
terium. 

P. cytochrome oxidase may be said to be the first a-type cyto- 
chrome to be extracted and purified without the aid of any deter- 
gent. The high solubility in water of the cytochrome apparently 
is associated with the hydrophilic behavior of heme ag liberated 
from the cytochrome. When P. cytochrome oxidase is deprived 
of heme ae, the remaining protein moiety precipitates easily if any 
salt is present. This may be caused by acid treatment (acid 
denaturation), but it is also possible that P. cytochrome onidase 
behaves in this manner because of the marked hydrophilic nature 
of heme ap. 


SUMMARY 


A water-soluble cytochrome oxidase has been extracted from 
Pseudomonas aeruginosa. The solubilized enzyme can be purified 
by a method which consists mainly of rivanol treatment, chroma- 
tography on an Amberlite IRC-50 or Duolite CS-101 column, 
ammonium sulfate fractionation, and zone electrophoresis on a 
vertical starch column. The purity of the best preparations, 
as estimated from examination of diffusion and sedimentation 
patterns, is approximately 70%. 

The isoelectric point of the oxidase is at pH 5.8. Coefficients 
of sedimentation and diffusion, and apparent partial specific 
volume are: 82,, = 5.8 X second; Doo,, = 5.8 X 1077 em 
per second; V = 0.73 ml per g. From these values, the molecu- 
lar weight can be calculated to be approximately 90,000. 

P. cytochrome oxidase appears to possess two different kinds of 
heme in one molecule; one is an a2-type heme (hemin az), and the 
other an unknown heme similar to hemin c. Iron analysis sug- 


gests that these two heme irons are contained in approximately 
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94,000 g of protein, the latter value having been determined 


after correcting for 30° impurity. 


The ae-type heme is easily 


cleaved from its protein moiety by acidic acetone, whereas the 
c-like heme is not released. 
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The biochemical basis for resistance to amethopterin! has 
been investigated both in microorganisms and in mammalian 
eells (1, 2). Evidence has accumulated suggesting that ameth- 
opterin resistance in Streptococcus faecalis is associated with 
an increased capacity of resistant cells to form folinic acid from 
folie acid (3-5), altered permeability (5, 6), or changes in re- 
quirements for growth (4, 7). 

In the present study, cultured Sarcoma 180 cells gradually 
beeame resistant to amethopterin and at the same time folie 
which catalyzes the reduction of folic acid to 
tetrahvdrofolic acid the presence of triphosphopyridine 
nucleotide (8), increased proportionally with the degree of 
resistance. The kinetic characteristics of this enzyme, namely, 
the Michaelis constant for folic acid and the turnover number 
per amethopterin binding site, were unchanged. The resistance 
in this case results from the production of a large excess of folic 
acid reductase which immobilizes amethopterin by binding it in 
an essentially irreversible manner (9, 10); at the same time, 
enough of the enzyme remains free to carry on its normal func- 
A preliminary report on these findings has been presented 


acid reductase, 


tions. 
(11). 


EXPERIMENTAL PROCEDURE 


Origin of Celis—Sarcoma 180 cells, isolated by Foley and 
Drolet (12), were purchased from Microbiological Associates, 
Inc., Bethesda, Maryland. 

Maintenance of Cultures—Parent S-180 cells were grown on 
glass in Eagle’s medium (13, 14) containing | uM folic acid. 
The two amethopterin-resistant variants of 5-180 cells, desig- 
nated AH and AT, were carried in Eagle’s medium containing 
0.2 um folic acid and supplemented with 100 um hypoxanthine 
(AH) or 30 um thymidine (AT) together with 30 um glycine and 
0.5 uM amethopterin in each case. All the media contained 
10°; whole horse serum purchased from the Colorado Serum 
Company. 

Estimation of Growth—Growth was measured as an increase 
in total protein (15). The inoculum refers to the cells attached 
to the glass at the time that the test medium was first applied. 

Preparation of Cells for Study of Folic Acid Reductase—Cells 
grown in the presence of amethopterin were found to contain 


* This investigation was supported in part by research grants 
(CY-2906 and CY-4175) from the National Cancer Institute of 
the United States Public Health Service. 

! The following terminology is used: folic acid, pteroylglutamic 
acid; folinic acid, acid; 
aminopterin, 4-amino-pteroylglutamic acid; amethopterin, 4- 
amino, 10-methyl-pteroylglutamic acid; S-180, Sarcoma 180. 
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the drug in bound form. To deplete the cells of this amethop- 
terin, all the cell lines were grown for at least 12 days? in the 
absence of the drug in a medium supplemented with 100 yx 
hypoxanthine, 30 wm thymidine, and 30 uM glycine in place of 
folic acid (16, 17). The cells were scraped from the glass 
(Roux flasks) with rubber policemen and were collected in 4 
glass homogenizer. After centrifugation for 5 minutes at 500 
r.p.m., they were washed three times with 3 volumes of cold 
solution of inorganic salts (13). The last centrifugation was 
performed at 1500 r.p.m. for 10 minutes; these cells were 
weighed and are referred to as “packed cells.” 

Preparation of Celi Extract—The packed AH or AT cells 
were suspended in ice-cold 0.9°¢ NaCl solution (1 ml per gram 
of cells) and were homogenized. All the operations were per- 
formed at 0 to 4°. The homogenate was washed into a centri- 
fuge tube with small amounts of 0.9% NaCl solution. The 
combined volume of the saline used was 2.5 ml per gram of 
cells. The cell debris was removed by centrifugation for 20 
minutes in an International refrigerated centrifuge, model 
PR-2, at 18,000 r.p.m. The extract from the sensitive S-180 
cells was prepared by the same procedure, but in this case the 
combined volume of NaCl solution used was 1.25 ml per gram 
of cells. Enzymatic activity and amethopterin titrations of 
cell extracts are expressed per unit weight of packed cells. 

Purification of Folic Acid Reductase—Each cell extract was 
adjusted to pH 8.0 with NaOH and stirred for 10 minutes with 
Dowex 1-Cl to remove cofactors (about 1 g per 5 to 6 ml of 
extract). Dowex was removed by centrifugation, and_ the 
solution was adjusted to pH 4.5 by careful addition of 0.1 
HCl. The precipitated protein was removed by centrifugation, 
and the supernatant fluid was readjusted to pH 7.0. The folie 
acid reductase activity per mg of protein (18) in the supernatant 
at this stage of purification was twice that of the original super- 
natant fraction, and the preparation from AT cells was 5.5 
times more active per mg of protein than our purest preparation 
from chicken liver (8). These preparations were used for the 
kinetic studies. 

Measurement of Enzymatic Activity—The rate of reduction of 
folic acid in the presence of TPNH as the hydrogen donor was 
determined by the amount of diazotizable amine formed upon 
decomposition of tetrahydrofolic acid, as described elsewhere 
(8). Further details are given for each experiment separately. 

Titration of Folic Acid Reductase by Amethopterin—Based on 
the observation of the essentially irreversible binding of ameth- 
opterin by folic acid reductase (9, 10), the relative quantities 
of this enzyme in various preparations can be estimated in terms of 


2S. F. Zakrzewski and M. T. Hakala, unpublished data. 
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drug-binding sites. This was done by adding graded amounts 
of the inhibitor to a series of reaction vessels containing equal 
amounts of the enzyme preparation. Thus the number of 
moles of amethopterin required for the complete inhibition of 
various folic acid reductase preparations could be estimated. 
The precision of the results was improved by keeping the con- 
centration of TPNH constant throughout the incubation. This 
was achieved by including in the incubation mixture a TPNH- 
regenerating system which consisted of glucose 6-phosphate 
and glucose 6-phosphate dehydrogenase (8). 

Chemicals—Folic acid which was used for growth studies was 
Folvite supplied by American Cyanamid Company, Calco 
Chemical Division. A crystalline preparation purchased from 
Nutritional Biochemicals Corporation was used for the enzyme 
studies. 

Folinic acid was a preparation of calcium leucovorin kindly 
supplied by the American Cyanamid Company, Lederle Divi- 
sion. The concentrations of folinic acid specified in the text are 
one-half of the actual concentration of leucovorin used, to ac- 
count for the inactive optical isomer (19, 20). Amethopterin 
was a product of American Cyanamid Company, Calco Chemical 
Division. TPNH was prepared by reduction of TPN (Pabst 
Laboratories) with glucose 6-phosphate dehydrogenase (8) 
purchased from Sigma Chemical Company. 


RESULTS 


Development of Amethopterin-resistant Sarcoma 180 Cells—In 
earlier studies (16, 17), it was demonstrated that in a medium 
supplemented with hypoxanthine, thymidine, and _ glycine, 
mammalian cells are insensitive to amethopterin, since the func- 
tion of folic acid reductase under these conditions is not essential; 
omission of any one of these metabolites makes the cells sus- 
ceptible to the drug. Thus, it was possible to develop different 
amethopterin-resistant variants by including in the medium, 
in addition to 0.2 uM folic acid and 30 um glycine, 100 um hy- 
poxanthine (AH) or 30 um thymidine (AT). The concentration 
of amethopterin was gradually increased over a period of several 
months from 0.02 um to 0.5 uM. 

Earlier studies with Streptococcus faecalis 8043 (21, 22) had 
demonstrated that thymidine (or thymine) reduced by one-half 
the lag period preceding the appearance of a single step aminop- 
terin-resistant variant. The development of amethopterin- 
resistant S-180 was very slow in the two different media. The 


TABLE I 
Degree of resistance to amethopterin 


In folic acid medium@ | In folinic acid medium? 


S-180 cell line 


Amethopterin for 


Degree of Amethopterin folinic | Degree of 
cl 


50% inhibition resistance | a resistance 
uM | | 
Sensitive... 0.054 + 0.0016 1 90+ 0.074 1 
Resistant | | | 
AH........| 3.6 + 0.41 67 594 + 26 «66 
9.4+ 1.1 174 1530 + 180 | 170 


* Estimated in Eagle’s medium containing 1 uM folic acid. 

>The molar ratio of amethopterin to folinie acid resulting in 
00% inhibition of growth was determined over a 100-fold range 
of concentrations of folinic acid (0.003 to 0.3 uo). 

* Standard error of the mean from 12 to 16 determinations. 

“Standard error of the mean from 7 or 8 determinations. 
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TABLE II 


Requirement of amethopterin-sensitive and -resistant 
Sarcoma 180 cells for folic and folinic acids 


Requirement for 4-maximal growth 


S-180 cell line® 


Folic acid Folinic acid 
muM 
Resistant ; 


* To deplete the cells from folic acid and amethopterin before 
testing, the cells were grown for a minimum of 12 days in a me- 
dium which in place of folic acid was supplemented with 100 
uM hypoxanthine, 30 um thymidine, and 30 uM glycine. 


TaBLe III 


Effect of hypoxanthine and thymidine on the requirement 
for folic acid and on amethopterin inhibition 


Folic acid required for 4 | Amethopterin required for 50% 
maximal growth | inhibition of growth? 
S-180 cell line Supplement | Supplement 
Hypoxan- | xan- 
None thine None thine 
(100 | 100 wat) 
uM BM 
Sensitive....| 0.15 0.08 0.15 0.054 0.11 | 0.046 
Resistant 
0.13 0.03 0.11 3.6 8.3 4.5 
0.12 0.14 0.07 | 9.4 11 


« Estimated after 7 days of growth in Eagle’s medium contain- 
ing 1 uM folic acid. 


subline developed in the presence of thymidine (AT), however, 
was 2 to 3 times more resistant to amethopterin than that 
developed in the presence of hypoxanthine (AH). A resistant 
subline was also developed in a medium without either hypo- 
xanthine or thymidine. The rate of development was also slow 
and the level of resistance was similar to that of subline AH. 
The degree of resistance to amethopterin was determined in 
Eagle’s medium containing 1 uM folic acid by estimating the 
concentration of the drug necessary for 50% inhibition of growth 
in 7 days (Table I). 

Sparing Action by Hypoxanthine and Thymidine—The re- 
quirement for folic or folinic acids for growth of the amethopterin- 
resistant cells was unchanged from that of the parent, as seen in 
Table II. A similar observation has been made by Fischer 
regarding amethopterin-resistant L-5178-Y cells (23).  Folinic 
acid is about 100 times more effective than folic acid in promoting 
the growth of all the variants of S-180 cells. Maximal growth 
was comparable in the presence of optimal amounts of either 
compound. However, either hypoxanthine or thymidine caused 
a sparing action for folic and folinic acids which varied in the 
different cell lines (Table III). Thus, hypoxanthine, but not 
thymidine, reduced by one half the requirement of the sensitive 
S-180 cells for folic acid. This effect of hypoxanthine was even 
more pronounced in AH cells. On the other hand, thymidine 
spared the folic acid requirement for the growth of AT cells to 
one-half of that in its absence. 
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: ‘ : resistance and of folic acid reductase in AH cells. The cells were 
0 100 1 we folic acid. Folic acid reductase was determined by titration 
30, the with amethopterin; the ordinate in this case (C1) indicates equiv- 
nhibiti f alent concentration of binding sites per kilogram of packed cells. 
AH cells grown in their maintenance medium is indicated on the 
ordinate (@). With respect to inhibition (O), the ordinate indi- 
These metabolites also reduced the inhibitory activity of cates the concentration of amethopterin required for 50% inhibi- 
amethopterin by a similar sparing action. Thus, in the — tion of growth when tested in a medium containing 1 pm folic 
ence of thymidine and folic acid, inhibition of AT cells required acid. 
approximately 4 times more amethopterin, whereas inhibition 
of the parent and AH cells in the presence of hypoxanthine _ parent 8-180 and the AH cells grow in a manner lacking organi- 


required twice as much amethopterin as in its absence (Table zation. AT cells, on the other hand, have a tendency to adhere an 
III). to each other and to grow in an oriented fashion. cor 

Effect of Folinic Acid on Inhibition by Amethopterin—In the Sensitivity to Other Antimetabolites—The concentrations of the a 
presence of an optimal amount of folic (1 uM) or folinic acid drugs necessary for 50% inhibition of growth were determined. 24 
(0.01 um), the concentration of amethopterin necessary for The sensitivity of S-180 cells to 6-mercaptopurine, 5-fluoro- 6-p 
inhibition of growth is about the same. However, increasing the deoxyuridine, and 6-diazo-5-oxo-L-norleucine was not altered by a ti 


concentration of folinic acid but not of folic acid will competi- the development of amethopterin resistance. 
tively prevent the inhibition of growth caused by amethopterin Folic Acid Reductase in Cell Extracts—Cultures were grown 
(Table I). The degree of resistance to amethopterin whether for a minimum of 12 days in the absence of the drug to deplete 
tested in folic or folinic acid media is the same. the cells of amethopterin? which could interfere with the de- 
Stability of Amethopterin Resistance—Both cell lines (AH and termination of folic acid reductase activity. However, during 
AT) were maintained in the absence of the drug in three types this period there occurs a 20 to 25% loss of resistance and pre- 
of media, containing (a) folic acid (1 uM), (6) folinic acid (0.01 sumably of folic acid reductase (Figs. 1 and 2). This loss will 
uM), or (c) hypoxanthine, thymidine, and glycine. The rate be taken into account in interpreting the results. 


at which resistance decreased was slow and independent of the The activities per milligram of cells for the reduction of folic Ser 
type of medium used (Fig. 1). The loss of resistance closely acid in the presence of an excess of TPNH were compared in 
parallels the decrease of folic acid reductase in the cells as seen extracts of sensitive and resistant cells (Fig. 3). Much more F 
in Fig. 2; half of the original resistance was lost in about 30 to folic acid reductase activity was found in the resistant than in ae 
40 days, 1.e. 12 to 18 generations. the sensitive cells, and a linear relationship was noted between a 

Growth Patterns—The rate of growth of AH cells in the medium _ the reaction velocity and the amount of extract. 5 
containing hypoxanthine, thymidine, and glycine was about 3 The folic acid reductase from each extract was also titrated opt 


times as fast as that of AT cells and twice as fast as that of the with amethopterin to zero activity (see “Experimental Pro- 
sensitive ones. Microscopic examination revealed that the cedure’’). This revealed 53 and 83 times more folic acid re 
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ductase in AH and AT cells, respectively, than was found in the 
sensitive S-180 cells (Table IV). By correcting for a probable 
loss of folic acid reductase (see above), one can estimate that 
AH cells (67-fold resistant) initially contained 65 times, and 
AT cells (174-fold resistant) 155 times more folic acid reductase 
than the sensitive 8-180 cells. These titrations gave the same 
slope in a graph of initial reaction velocity against amethopterin 
concentration for both sensitive and resistant S-180 cell lines 
(Fig. 4). The same amount of amethopterin is, therefore, 
necessary in each case to block a given enzyme activity; 7.e. the 
enzyme activity per drug-binding site did not change during 
the development of amethopterin resistance. 

Titration of folic acid reductase by amethopterin in the 
resistant cells, taken directly from their respective maintenance 
media, revealed an amount of free folic acid reductase in AH 
cells which was equivalent to 2.1 xX 10-2 m amethopterin per 
mg of cells and in AT cells equivalent to 8.3 x 10-!2 Mm amethop- 
terin per mg of cells. Thus the resistant cells, even when grown 


vx 107 


05 10 
ml OF CELL-EXTRACT 


Fig. 3. Folic acid reductase activity in the extracts of sensitive 
and resistant S-180 cells. One milliliter of the diluted extracts 
corresponded to 43.5 mg of AH, 60 mg of AT, and 352 mg of sensi- 
tive S-180 cells. The indicated aliquots were incubated for 15 
minutes at 37° in the presence of 43.6 uM folic acid, 80 um TPNH, 
24 mm glucose 6-phosphate, 0.26 Kornberg unit (33) of glucose 
6-phosphate dehydrogenase, and 0.1 m sodium citrate pH 6.0, in 
a total volume of 0.5 ml; v = moles per liter per minute. 


M. T. Hakala, S. F. Zakrzewski, and C. A. Nichol 955 


in the presence of amethopterin (0.5 uo), still contain much 
more free reductase than the parent cells. 

Kinetic Studies—Folic acid reductase was partially purified 
from each cell line for these experiments as described under 
“Experimental Procedure.” Fig. 5 shows the experimental 
data, and Table V lists the results of this study. The values for 
maximal velocities presumably reflect the purity of each enzyme 
preparation. ‘Turnover numbers were determined by titrating 
the folic acid reductase with amethopterin and by dividing the 
maximal velocities by these values. No change in folic acid 
reductase activity per drug-binding site has occurred. Neither 
has there been any change in the affinity of the enzyme to the 
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Fic. 4. Equivalent inhibition of folic acid reductase in extracts 
of sensitive and resistant S-180 cells. The amount of extract 
from each cell line was adjusted to give an identical change in 
optical density in the absence of the inhibitor. In addition to 
the enzyme, the reaction mixture contained 43.6 um folic acid, 20 
uM TPNH, 24 mm glucose 6-phosphate, 0.26 Kornberg unit (33) 
of glucose 6-phosphate dehydrogenase, 0.1 m sodium citrate pH 
6.0, and amethopterin as indicated, in a total volume of 0.5 ml. 
Incubated for 10 minutes at 37°. 


TABLE IV 
Folic acid reductase in extracts of sensitive and resistant S-180 cells 


Enzyme activity?/mg of cells Drug-binding sites°/mg of cells 
S-180 cell line Corrected R/S* 
R/S? Moles 10! R/S 
Resistant 
12 40.0 54 9.6 53 65 67 
oe Se 28 60.2 81 15.0 83 155 174 


* Medium contained in place of folic acid 100 um hypoxanthine, 30 um thymidine, and 30 uM glycine. 

’ Test conditions described under Fig. 4. The activity was calculated from the change in optical density in the absence of ameth- 
opterin. 

*‘ Expressed as equivalents of amethopterin based on titration of folic acid reductase under conditions described for Fig. 4. 

* The ratio of resistant to sensitive cells was corrected on basis of days in absence of drug according to Figs. 1 and 2. 

‘R/S = the ratio of resistant to sensitive cells. 
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Fic. 5. Reciprocal plot (34) for partially purified folic acid re- 
ductase from sensitive and resistant S-180 cells; v = moles per 
liter per minute per mg of protein; [S]} = molar folic acid. The 
indicated concentrations of folic acid were incubated at room 
temperature in the presence of 0.16 mm TPNH and 0.1 m sodium 
citrate, pH 5.2, with the following amounts of the partially puri- 
fied enzyme preparations: sensitive 8-180, 1.54 mg of protein; AH, 
94 wg of protein; AT, 67 wg of protein; total volume 0.5 ml. - AT 
and AH preparations were incubated for 5 minutes, and the prepa- 
ration from the sensitive cells for 10 minutes. 


TABLE V 


Kinetic constants of partially purified folic acid reductase 
from amethopterin-sensitive and -resistant S-180 cells 


Resistant S-180 
Constant Sensitive S-180 
AH AT 
Degree of resistance................ 1 67 174 
V max” (moles/liter/min/mg protein) X 
Turnover number®/min/drug-bind- 


« Calculated from the data presented in Fig. 5. 
’ Determined by titrating each enzyme preparation with 
amethopterin and by dividing Vmax by these values. 


substrate, folic acid, as suggested by similar Michaelis con- 
stants. 
DISCUSSION 


According to present assumptions concerning the regulatory 
mechanisms of enzyme synthesis (24), it is believed that the 
molecular pattern (quality) is determined by genes (DNA) 
whereas the quantity of an enzyme is controlled also by feed- 
back mechanisms and adaptations. The fact that amethop- 
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terin-resistant S-180 cells, after growth for long periods in ab- 
sence of the drug, still contain greatly increased amounts of 
folic acid reductase (Figs. 1 and 2) suggests that DNA may be 
involved in the maintenance of this characteristic. However, 
the proof for this must await further studies. As an example, in 
Diplococcus pneumoniae, amethopterin resistance has been in- 
duced by DNA (25). Unfortunately, the enzymatic changes 
associated with resistance in that case were not elucidated. 

The 4-amino analogues of folic acid have been shown to be 
bound to folic acid reductase in a manner that is practically 
irreversible (9, 10). The greatly increased amount of folic acid 
reductase in amethopterin-resistant 8-180 cells acts as a unique 
physiological inactivator by binding the antagonist. Yet in 
media containing ordinarily lethal concentrations of amethop- 
terin, enough of the enzyme remains free in the resistant cells to 
carry on its normal functions. The possibility that an increase 
in the amount of other enzymes occurs in other cases of resistance 
to irreversibly bound inhibitors merits investigation. 

Folic acid reductase has been found to be extremely sensitive 
to aminopterin (26); dihydrofolic acid reductase, most probably 
identical with folic acid reductase (27), is also sensitive to aminop- 
terin and amethopterin (28). Other recent investigations of 
amethopterin resistance in mammalian cells have also revealed 
an increase in the activity of folic acid or dihydrofolic acid re- 
ductase in the resistant cells (23, 29). Several explanations are 
possible for this phenomenon; (a) an increase in the quantity of 
the enzyme, (6) an increase in the number of the active sites 
per enzyme molecule, (c) an increase in turnover number per 
active site, (d) a decrease in K,, value for the substrate (if the 
the sensitive line had been tested at suboptimal substrate con- 
centration), or (e) some combination of these changes. 

In the present case, we have demonstrated that both the turn- 
over number per amethopterin binding site and K,, value for 
folic acid remained constant despite the development of resistance. 
At the same time the total enzyme activity, together with the 
drug-binding capacity, had increased in the cells proportionally 
with the degree of resistance. Assuming that the drug-binding 
site is the active site, then either the quantity of the unchanged 
enzyme or the number of active sites per enzyme molecule had 
increased. The first alternative is the more probable one, al- 
though final proof must await the study of purified enzyme 
preparations from the sensitive and resistant cells. 

Assuming that the molecular weight of folic acid reductase is 
10° and that there is only one drug-binding site per enzyme 
molecule, one can calculate that in AT cells (which contain 155 
times more reductase than the sensitive ones) the folic acid 
reductase makes up about 5% of the cellular protein. One can 
speculate that an increase of this enzyme cannot be the only 
change at very high levels (e.g. 100,000-fold) of resistance to 
amethopterin (30). In such cases, some additional alterations 
must have occurred. 

Folinic acid prevents competitively the growth inhibition 
caused by amethopterin at concentrations of folinic acid which 
are only a fraction of that of the inhibitor. One might assume 
that folinic acid or some product of it competitively prevents 
inhibition of folic acid reductase by amethopterin. There are 
two lines of evidence which indicate otherwise. (a) In an en- 
zymatic assay with folic acid reductase from chicken liver, 43 
um folinic acid failed to interfere with the inhibition caused by 
0.01 to 0.06 um amethopterin,? indicating that folinic acid itself 
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is unable to protect folic acid reductase against amethopterin. 
(b) Studies on amethopterin binding in growing cultures of 5-180 
cells,2 on the other hand, have demonstrated that cells grown in 
the presence of 1 uo folinic acid and 0.1 wm amethopterin bound 
and concentrated amethopterin from the medium to the same 
extent as in two other media lacking folinic acid and that the 
amount bound was proportional only to the amount of folie acid 
reductase in these cells. Thus, folinie acid or its product also 
fails to prevent the binding of amethopterin to folic acid reductase. 
The latter observation, in addition, excludes the involvement of 
competition between amethopterin and folinie acid at the site 
of entry into the cell. 

Thus, one would conclude that some other reaction in addition 
to the reduction of folic acid is also inhibited by amethopterin. 
This reaction cannot be the immediate synthesis of a purine 
ring, as has been suggested (31), or introduction of the methyl 
group of thymidine, since growth inhibition by amethopterin is 
observed even in the presence of (a) folinic acid and hypoxanthine 
or (b) folinie acid and thymidine. If the synthesis of either 
purines or thymidine were inhibited by amethopterin in the 
presence of folinic acid, no inhibition would have occurred under 
one of these conditions. This evidence suggests that the reac- 
tion(s) inhibited by amethopterin, yet competitively protected 
in living cells by folinic acid, is concerned with some step in the 
formation of a common precursor derived from folinie acid and 
used for one-carbon transfer reactions. 

The metabolite (either thymidine or hypoxanthine) which was 
present during the development of the amethopterin-resistant 
strain, exerts a sparing action with respect to the requirement 
for folic or folinie acid for growth of these resistant cells. Also, 
AT cells are more resistant to amethopterin in the presence of 
thymidine than in its absence, and the parent and AH cells are 
more resistant in the presence of hypoxanthine. If this can 
happen in vivo, the availability of thymidine or a purine during 
amethopterin treatment can influence the character of the 
resistant population of cells which eventually develops. 

It is significant that hypoxanthine demonstrates a sparing 
action in the sensitive S-180 cells whereas thymidine has no 
such effect. Thus purines, rather than thymidine, are the 
limiting products with respect to the one-carbon transfer reac- 
tions reflected by growth. This is logical when one considers 
the known manifold functions of purines in the living cell as 
compared with the single role of thymidine as a constituent of 
DNA. Indeed, it was pointed out by Lieberman and Ove (32) 
that the formation of one rabbit liver cell in a culture requires 
15 times more adenine than thymidine. In the present study, 
a sparing action of thymidine could be created only by forcing 
the cells to grow in the presence of amethopterin together with 
folic acid and thymidine. 

The sparing action of purines seems to be the natural or ‘‘in- 
born’ characteristic, not only of S-180, but also of several other 
mammalian cell strains.2, Further studies may reveal whether 
these amethopterin-resistant variants differ from the parent with 
respect to purine- and thymidine-synthesizing enzymes in addi- 
tion to. their increased content of folic acid reductase. The 
close correlation between the content of folic acid reductase and 
the level of resistance to amethopterin in the cell lines studied 
provides a basis for questioning whether a similar relationship 
exists in neoplasms which are known to differ in their respon- 
siveness to treatment with 4-amino antagonists of folic acid. 
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SUMMARY 


Two lines of cultured Sarcoma 180 cells resistant to amethop- 
terin have been studied. Resistance developed gradually in a 
medium containing hypoxanthine (AH cells; 67-fold resistant), 
and in a medium containing thymidine (AT cells; 174-fold 
resistant). The rate of decrease of resistance in the absence of 
the drug was independent of the type of medium used; after one 
month of cultivation, the cells were about half as-resistant. 

The requirement for folic or folinie acids for growth was not 
altered during the development of resistance. Folinic acid 
prevented competitively the inhibition of growth caused by 
amethopterin; 9 times more amethopterin than folinic acid was 
necessary for inhibition of the growth of sensitive Sarcoma 
180 cells, whereas 600 times more was necessary for inhibition of 
AH cells and 1500 times more for inhibition of AT cells. The 
relationship between folinic acid and amethopterin is discussed 
and a suggestion is made concerning the possible site of action 
involved. The sensitivity to the growth-inhibitory effects of 
6-mercaptopurine, 6-diazo-5-oxo-L-norleucine, and 5-fluoro- 
deoxyuridine remained unchanged despite the development of 
amethopterin resistance. 

The resistant AH cells were found to contain 65 times more 
folic acid reductase than the sensitive Sarcoma 180 cells, and 
the AT cells contained 155 times more. Only the quantity of 
this enzyme had increased (or the number of active sites per 
enzyme molecule) whereas the kinetic characteristics, Michaelis 
constant, A», value for folic acid (1.1 to 1.25 * 10-5 m) and 
turnover number per amethopterin-binding site (25 to 29 per 
minute) had remained constant. Resistance to amethopterin in 
this case results from the large excess of folic acid reductase 
which acts as a specific physiological inactivator by binding the 
antagonist. Enough of the enzyme remains free to carry on its 
normal functions. 
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Previous studies in this series (1-3) have established 6-hy- 
droxynicotine and 6-hydroxypseudooxynicotine as the first and 
second oxidative products of nicotine metabolism by a soil bac- 
terium, P-34. This paper reports the isolation and identification 
of 2,6-dihydroxy-N-methylmyosmine, a metabolically inactive 
compound formed by the further oxidation of 6-hydroxypseudo- 
oxynicotine (Fig. 1). 


EXPERIMENTAL PROCEDURE 


Chromatographic and manometric procedures were carried out 

as previously described (1). Various techniques were used to 
prepare reaction mixtures for spectrophotometric measurements. 
In some experiments the samples were merely diluted with water 
or 0.018 m NaOH to give solutions of convenient absorbancies. 
In others, the reaction mixtures were first deproteinized by heat- 
ing them at 70° for 10 minutes or by the addition of an equal 
volume of ethanol. They were then centrifuged and diluted. 
Control flasks lacking substrate, identically treated, served as 
blanks. A minimum of several hours, and usually more, elapsed 
between the removal of reaction flasks from the Warburg bath 
and the spectrophotometric measurements. These details of 
procedure were found to have an important bearing on the ab- 
sorption spectra obtained, as is discussed in the following paper 
4), 
: Satis extracts were obtained by sonic disruption of nico- 
tine-grown cells instead of by hand-grinding with alumina as in 
the previous work. Wet cell paste (5 g) was suspended in 20 ml 
of 0.01 m potassium phosphate buffer pH 7.0 and treated at full 
power for 12 to 15 minutes in a Raytheon 10-ke. sonic oscillator. 
The product was held at 4° for 30 minutes and the debris removed 
by centrifugation at 18,000 x g for 15 minutes at 4°. The re- 
sulting crude extract was mixed with 0.05 volume of 1.0m MnCh, 
allowed to stand at 4° for 30 minutes, and centrifuged to remove 
nucleoproteins (5). Ammonium sulfate fractions were then 
prepared as previously outlined (1). 

6-Hydroxynicotine and 6-hydroxypseudooxynicotine, prepared 
enzymatically and isolated in crystalline form (2, 3), were made 
up in aqueous solutions, neutralized, and stored frozen until 


needed. 
RESULTS 


Oxidation of 6-hydroxypseudoorynicotine—The addition of a 
dye was required to catalyze the oxidation of 6-hydroxypseudo- 


* This work was supported by a grant from the Tobacco Indus- 
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oxynicotine by the 40-60 fraction.!. With the use of methylene 
blue, 0.5 to 1.5 umoles of oxygen per umole of substrate were 
consumed, the amount varying with different batches of enzyme. 
With brilliant cresyl blue, oxygen consumption invariably ceased 
with the uptake of approximately 0.5 umole per umole of 6-hy- 
droxypseudooxynicotine, indicating the catalysis of only a single- 
step oxidation. With nicotine and 6-hydroxynicotine as sub- 
strates and brilliant cresyl blue as oxidation-reduction dye, 
oxygen uptakes of 1.5 and 1.0 umole, respectively, were obtained. 
Since these results suggested that the accumulation of the third 
oxidation product occurred in the presence of brilliant cresyl blue, 
this dye was employed in all the following experiments. 

The rate of oxidation is dependent on pH and dye concentra- 
tion. The pH optimum is approximately 8.0 (Fig. 2). At con- 
stant enzyme and substrate levels, brilliant cresyl blue is rate 
limiting at low concentrations and apparently inhibitory at high 
(Fig. 2). 

The one-step oxidation of 6-hydroxypseudooxynicotine is ac- 
companied by a change in the ultraviolet absorption character- 
istics of the reaction mixtures. Fig. 3 shows the spectrum of a 
typical reaction mixture before and after the consumption of 0.5 
umole of oxygen per umole of 6-hydroxypseudooxynicotine. The 
accumulated product has a major absorption peak at 360 mu and 
a minor one at 290 my. The spectrum exhibited is quite dif- 
ferent from that of any reported nicotine derivative. 

Paper chromatography of aliquots of reaction mixtures after 
oxidation of 6-hydroxypseudooxynicotine revealed the presence 
of a new substance with an Rp quite apart from those of the 
previously isolated intermediates. The compound was located 
on the chromatograms by observation under ultraviolet light or 
by spraying the paper with iodine, acid ferric chloride, or diazo- 
tized sulfanilic acid. Table I gives a comparison of the R, val- 
ues and color reactions of nicotine, 6-hydroxynicotine, 6-hydroxy- 
pseudooxynicotine, and the new product in several solvent 
systems and with the abovementioned reagents. 

Enzymatic Synthesis and Isolation of the New Compound— 
Several large batches of the reaction product were synthesized 
enzymatically. 6 - Hydroxynicotine rather than 6 - hydroxy - 
pseudooxynicotine was used as a substrate because it is more 
easily prepared. A 20-60 fraction was used, since it catalyzed a 
more rapid oxidation than a 40-60 fraction when large quantities 
of 6-hydroxynicotine were used as substrate. 

A typical experiment was carried out as follows. 6-Hydroxy- 


1 That portion of the crude extract which precipitated at 40 to 
60% saturation with respect to ammonium sulfate is designated as 
the 40-60 fraction. Other ammonium sulfate fractions are desig- 
nated in a similar manner. 
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Fic. 2. The effect of pH and brilliant cresy] blue concentration 
on the oxidation of 6-hydroxypseudooxynicotine. The reaction 
mixtures contained the following in a total volume of 2.1 ml. 
With pH the variable: 40-60 fraction, 4.6 mg of protein; 0.3 wmole 
of brilliant cresyl blue; 8.25 wmoles of 6-hydroxypseudooxynico- 
tine; 100 umoles of KPO, buffer at the indicated pH. With dye the 
variable: 40-60 fraction, 5.2 mg of protein; 4 uwmoles of 6-hydroxy- 
pseudooxynicotine; 100 uwmoles of KPO, buffer pH 8.0; brilliant 
cresyl blue as indicated. Gas phase, air; 30°. 


nicotine (300 mg) in 15 ml of 0.01 M potassium phosphate buffer 
pH 8.0, 13.5 umoles of brilliant cresyl blue in 2.25 ml of water, 
and 15 ml of 20-60 fraction (450 mg of protein) in buffer were 
added to a 125-m] flask mounted on a manometer stand. Im- 
mediately after addition of the enzyme, a 2.1-ml sample of the 
mixture was placed in a standard Warburg vessel, and the two 
flasks were mounted on a Warburg apparatus and shaken at 30°. 
A 0.05-m! aliquot was removed from the main flask at zero time, 
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Fic. 3. The ultraviolet absorption spectra of 6-hydroxypseudo- 
oxynicotine and its one step oxidation product 2,6-dihydroxy-N- 
methylmyosmine with water as solvent. Reaction mixtures 
deproteinized by heat. The reaction mixtures contained the 
following in a total volume of 2.1 ml: 40-60 fraction, 5.0 mg of 
protein; 4 wmoles of 6-hydroxypseudooxynicotine; 0.3 umole of 
brilliant cresyl blue; 100 wmoles of KPO, buffer pH 8.0. Gas 
phase, air; 30°. 


diluted in 5.0 ml of 0.018 m NaOH, and its absorbancy at 360 mu 
determined. Oxygen uptake and increase of absorbancy at 360 
my were followed by manometric readings and periodic sampling 
until both ceased. The reaction proceeded to approximately 
95% completion, as judged by oxygen uptake, in 33 to 4 hours, 

The reaction mixture was heated at 70° for 10 minutes and 
centrifuged to remove the protein. The supernatant fluid was 
adjusted to pH 2.0 with concentrated HCl and added to a Do- 
wex 50 column (2 by 4 cm, 200 to 400 mesh) in the hydrogen 
form. The column was washed with water until the eluate 
showed minimal absorption at 360 my. This was followed by 
successive washes of 60 ml each of 0.3 and 0.6 Mm NH,OH. Fi- 
nally, the compound was eluted with 0.95 mM NH,OH. The 
substance formed a narrow brown band which could be visually 
observed moving down the column during the elution procedure. 
At the point of elution, the pH changed abruptly to approxi- 
mately 11.0 and the previously water-clear eluate became a tur- 
bid yellow. The yellow fraction had an intense absorption at 
360 my and when suitably diluted gave the expected spectrum 
(Fig. 3). 

The yellow fraction was evaporated under reduced pressure at 
60°, yielding a hard, glassy brown residue which was triturated 
with a small volume of hot n-amy] alcohol. The resulting solu- 
tion was filtered hot, reduced in volume, and allowed to cool 
slowly at room temperature. The product separated as fine, 
faintly pink-colored needles. Repeated recrystallizations in- 
terspersed with activated charcoal treatment failed to remove 


TABLE I 
Comparison of chromatographic properties of nicotine and tts metabolic products 
All chromatograms were run at room temperature in an ascending system. The solvents employed were: A, n-butanol-concentrated 


HCl-water (100:25:20); B, acetone-water (80:20); C, methyl ethyl ketone-acetone-formate-water (80:4:2:12). 


| Rr Color with 
Compound | 
| A B Cc Iodine FeCls Diazo* 
6-Hydroxypseudooxynicotine.................... 0.43 0.86 0.10 Yellow | No reaction Yellow 
2,6-Dihydroxy-N-methylmyosmine........... 0.58 0.68 0.44 Yellow Purple Deep orange 


* Diazotized sulfanilic acid. 
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the pink tinge. The product was judged pure when further re- 
erystallizations did not change the melting point (258-260° un- 
corrected) or the 360 to 290 my ratio (5.46), and when a single 
spot was obtained on paper chromatograms. 

Several batches of product were prepared by the above pro- 
cedure; the yields based on starting substrate were in the range 
of 60 to 70%. 

Identification of the Isolated Product—The purple color of the 
FeCl; reaction on the chromatograms suggested that the further 
oxidation of 6-hydroxypseudooxynicotine occurred on the pyri- 
dine moiety of the molecule, since this color is typical of most 
dipyridols (6). A spectrum of the FeCls complex in water 
showed a single maximum in the visible range at 545 my. Since 
there was some uncertainty as to whether 6-hydroxypseudooxy- 
nicotine or 6-hydroxy-N-methylmyosmine is the true second 
product (3), two alternatives were considered: a dihydroxy- 
pseudooxynicotine (CioHisN 203) or a dihydroxymethylmyosmine 
CioHi2N202). An elemental analysis? showed only two oxygen 
atoms present (by difference), and the data were in reasonable 
agreement with the second alternative. Based on a molecular 


CipHi2N 202 


Calculated: C 62.50, H 6.25, N 14.55 
Found: C 62.91, H 6.49, N 14.61 


weight of 192, a molar extinction coefficient at 360 mu of 25.15 x 
10° was calculated for the compound. 

If the methylmyosmine structure is assumed, selective reduc- 
tion of the double bond in the pyrrolidine portion of the molecule 
should eliminate a double bond in conjugation with the pyridine 
portion of the molecule and result in a marked spectral change. 
The altered compound should have a spectrum analogous to the 
comparable dihydroxypyridine derivative, and since the spectra 
of most of these compounds are known (6), identification of the 
starting molecule might be possible. Selective elimination of 
the suspected double bond was attempted in two ways: reduction 
with H, in the presence of a catalyst, and reduction with NaBH, 
in aqueous solution at room temperature. 

For catalytic reduction, 2.50 mg (13 uwmoles) of the isolated 
product in glacial acetic acid were placed in the side arm of a 
Warburg vessel, and 5 mg of 10% palladium on charcoal were 
added to the main compartment. The vessel was immersed in 
the water bath and shaken while being flushed with nitrogen for 
15 minutes followed by hydrogen for 20 minutes. After equili- 
bration, the product was tipped into the main compartment and 
hydrogen uptake was followed to completion. In all experi- 
ments, the system consumed exactly 2 umoles of hydrogen per 
umole of substrate, indicating the saturation of two double bonds 
per molecule. The reaction mixture after reduction had no 
absorption in the ultraviolet region, showing that the chromo- 
phore of the pyridine system had been destroyed. 

Reduction with NaBH, was less complete. In 2.0 ml of water, 
0.02 mg of isolated material was mixed with 1.0 ml of a 1.0% 
aqueous solution of NaBH, in a cuvette. Instantaneous re- 
duction occurred, resulting in the spectrum shown in Fig. 4. 
This altered spectrum with maxima at 328 and 240 muy is almost 
identical to that reported for 2,6-dihydroxypyridine (6). The 
reduced compound in 0.01 n HCl shows a hypsochromic shift 
of the absorption peaks to 230 and 310 mu which also occurs with 
2,6-dihydroxypyridine (6). These data, together with the 


*The analysis was performed by Dr. A. Elek, Elek Micro 
Analytical Laboratories, Los Angeles, California. 
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elemental analysis, lead to the identification of the isolated com- 
pound as 2,6-dihydroxy-N-methylmyosmine. 

_ Metabolic Inactivity of 2,6-Dihydroxy-N-methylmyosmine 
The oxidation of 2,6-dihydroxy-N -methylmyosmine by resting 
cells, dried cells, crude cell-free extracts, and ammonium sulfate 
fractions was checked manometrically. Repeated attempts 
under a variety of experimental conditions resulted in an un- 
equivocal lack of oxygen uptake (Table II). Failure to metab- 
olize the substrate was corroborated by its quantitative recovery 
at the end of the experiments as determined by spectrophoto- 
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Fic. 4. The ultraviolet absorption spectra of 2,6-dihydroxy-N- 
methylmyosmine and its NaBH, reduction product. Cuvettes 
contained: 0.02 mg of 2,6-dihydroxy-N-methylmyosmine; 1.0 ml 
of 1% aqueous solution of NaBH, or water; water to 3.0 ml. 


TaBLeE II 
Attempted oxidation of 2,6-dihydroxy-N -methylmyosmine 

The reaction flasks contained the following in a total volume of 
2.1 ml: 5 umoles of substrate, 0.3 umole of brilliant cresyl blue or 
0.25 umole of methylene blue where indicated, 100 umoles of KPO, 
buffer pH 8.0, and either resting cells (1 ml, OD = 1.0, Klett 
photoelectric colorimeter, green filter), dried cells (20 mg), crude 
cell extract (10 mg of protein), or 20-40 fraction (8 mg of protein). 
Gas phase, air; 30°. 


Enzyme source Substrate O2 uptake 


9 ,6 - Dihydroxy - N -methyl- | None 
| myosmine 
| Nicotine 2.40 


_6-Hydroxypseudooxynicotine | 1.06 


Resting cells 


Dried cells | 2,6 - Dihydroxy - N -methyl- | None 
myosmine 
| 6-Hydroxynicotine 2.20 


| _6-Hydroxypseudooxynicotine | 1.07 
Crude extract + bril- | 2,6 - Dihydroxy - N -methyl- | None 


liant cresyl blue myosmine 
Nicotine 1.38 
Crude extract + meth- | 2,6 - Dihydroxy - N -methyl- | None 
ylene blue myosmine 
Nicotine 2.40 


6-Hydroxypseudooxynicotine | 0.94 

2,6 - Dihydroxy - N - methyl- 
myosmine 

6-Hydroxypseudooxynicotine | 0.74 


20-40 fraction + meth- 
ylene blue 
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TABLE III 


Oxidation of product at third oxidative stage formed from nico- 
tine in presence of 40-60 fraction and brilliant cresyl blue 

The reaction flasks contained the following in a total volume of 
2.1 ml: 5 wmoles of nicotine, 100 umoles of KPO, buffer pH 8.0, 
0.3 umole of brilliant cresyl blue, 40-60 fraction (9 mg of protein), 
and either 20-40 fraction (10 mg of protein), 0-40 fraction (9 mg of 
protein), resting cells (1 ml, OD = 1.0, Klett photoelectric color- 
imeter, green filter). Gas phase, air; 30°. Second enzyme source 
tipped into reaction vessels after oxidation catalyzed by 40-60 
fraction ceased. 


Enzyme source | Oz uptake 
I | Initial Secondary 
40-60 None 1.34 None 
40-60 20-40 1.30 0.30 
40-60 0-40 0.57 
40-60 Resting cells 1.34 0.60 


metric analysis. Since the “preparations employed oxidized 
nicotine, 6-hydroxynicotine, and 6-hydroxypseudooxynicotine 
beyond the third oxidative stage, it is apparent that 2,6-dihy- 
droxy-N-methylmyosmine is neither the third oxidative product 
nor is it on the main metabolic pathway of nicotine degradation. 

Three explanations for the metabolic inactivity of 2,6-dihy- 
droxy-N-methylmyosmine were considered. (a) The isolation 
procedure employed caused some alteration of an intermediate 
which, although it did not detectably affect the ultraviolet spec- 
trum, rendered the substance metabolically inactive. (b) The 
conditions used to accumulate a third oxidative product forced 
the formation of a side product instead. (c) Alternatively, the 
active intermediate was formed and then converted irreversibly 
in the reaction mixture to an inactive form. 

Variations in the isolation and purification procedure to exclude 
heating and drastic changes of pH had no effect on the material 
obtained. Altering the conditions used to accumulate the ma- 
terial by replacing brilliant cresyl blue with methylene blue or by 
varying the pH of the reaction mixture was also without effect. 
In every instance the isolated material had spectrophotometric 
and chromatographic properties identical to those of 2,6-di- 
hydroxy-N-methylmyosmine and was metabolically inactive. 
These experiments tended to eliminate the first two explanations 
for metabolic inactivity. 

In an effort to detect the presence of an active intermediate, 
assuming it to be irreversibly converted to 2,6-dihydroxy-N- 
methylmyosmine, experiments were run in which nicotine was 
oxidized in the presence of brilliant cresyl blue and 40-60 frac- 
tion. Immediately after oxygen uptake ceased, at approxi- 
mately the 1.5 wmoles per umole of substrate level, a second en- 
zyme source, known to catalyze oxidation beyond the third 
oxidative stage, was tipped into the reaction mixture. The 
results (Table III) show that under these circumstances an addi- 
tional oxidation occurred beyond that catalyzed by the 40-60 
fraction, and suggest the existence of a metabolically active ma- 
terial at the third oxidative level when oxidation in the presence 
of 40-60 fraction terminates. 

If the metabolically active material is the precursor of 2,6- 
dihydroxy-N-methylmyosmine, its concentration should decrease 
with time in the reaction vessel; if, however, the active com- 


pound and 2,6-dihydroxy-N-methylmyosmine are formed by 
independent paths, a decrease should not occur. To check this 
point, a series of replicate flasks were set up with 6-hydroxy- 
nicotine as substrate and brilliant cresyl blue and 40-60 fraction 
as the oxidizing system. When oxidation ceased, at approxi- 
mately the 1 umole of oxygen per umole of substrate level, 0-40 
fraction was tipped into one flask (A’, Table IV), the contents of 
which were immediately diluted 1:50 and stored in the cold until 
assayed spectrophotometrically for 2,6-dihydroxy-N-methyl. 
myosmine. Simultaneously, 0-40 fraction was tipped into 4 
second flask (A, Table IV) which was shaken until the secondary 
oxidation ceased, and the contents were then assayed. The 
procedure was repeated with paired flasks at 40, 80, and 120 
minutes after the cessation of the primary oxidation. 

The results of the assay show that reaction mixtures receiving 
only the first enzyme fraction reacted as if all substrate had been 
converted to 2,6-dihydroxy-N-methylmyosmine, regardless of 
how long the mixtures were shaken. On the other hand, when 
both enzyme fractions were used, the secondary oxygen uptake 
was inversely proportional, and the terminal 2,6-dihydroxy-N- 
methylmyosmine assay was proportional to the time elapsed 
between the cessation of the first oxidation and the addition of 
the second enzyme fraction. The results suggest that a meta- 
bolically active compound at the third oxidative stage is formed 
which is either further metabolized in the presence of the proper 
enzyme fraction, or else is converted to the metabolically in- 
active 2,6-dihydroxy-N-methylmyosmine. The experiment was 


TaBLeE IV 


Effect of elapsed time on further oxidation of product of 6-hy- 
droxypseudooxynicotine oxidation by 40-60 fraction and 
brilliant cresyl blue 

The reaction flasks contained the following in a total volume of 

2.1 ml: 40-60 fraction, 4.8 mg of protein; 0-40 fraction, 3.4 mg of 

protein; 100 umoles of KPO, buffer pH 8.0; 5 umoles of 6-hydroxy- 

pseudooxynicotine; 0.3 umole of brilliant cresyl blue. Gas phase, 
air; 30°. 


Initial O d O Final 2, 6-dihy- 

pumole/pmole min pmoles/umole pmoles 
A 0.79 0 1.26 2.78 
A’ 0.70 0 5.00 
B 0.80 40 1.12 3.30 
B’ 0.83 40 4.73 
C 0.63 80 0.94 3.70 
C’ 0.87 80 4.73 
D | 0.76 120 0.87 4.30 
| 120 4.96 


* At the cessation of the initial oxidation catalyzed by 40-60 
fraction, 0-40 fraction was tipped into the reaction vessel. The 
prime series of flasks was diluted immediately thereafter, the 
others after secondary O2 uptake had ceased, and absorbancies at 
360 mu were then determined. 

t Time elapsed between cessation of initial oxidation and intro- 
duction of 0-40 fraction. 

t Calculated from the molar extinction coefficient of 2 ,6-di- 
hydroxy-N-methylmyosmine, and the measured absorbancies at 
360 My. 
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repeated with nicotine and 6-hydroxypseudooxynicotine as sub- 
strates with essentially the same results. 


DISCUSSION 


Since the isolated compound does not correspond to any de- 
scribed compound, its identification was indirect. The color 
obtained with ferric chloride suggested the presence of a dipyridol 
structure, and the elemental analysis was consistent with this 
supposition. 

Certain positions of the pyridine ring can be eliminated from 
consideration as the site of the second hydroxyl] from the struc- 
ture of the precursor molecule which is either 6-hydroxypseudo- 
oxynicotine or 6-hydroxy-N-methylmyosmine (3). The 3 and 
6 positions are eliminated because of existing substituents at 
these sites. The spectrum of the NaBHg,-reduced molecule 
excludes the 4 position, since 4,6-dipyridol has only a single 
absorption peak at 280 my (6), whereas the molecule in question 
has peaks at 328 and 240 mu. The comparison to dipyridols 
assumes that the reduction saturates the pyrrolidine ring, leav- 
ing a substituent at the 3 position that has negligible influence on 
the ultraviolet spectrum.’ 


This leaves only the 2 and 5 positions open for consideration, 


and there are several lines of evidence that implicate the former. 
The spectrum of the NaBH,-reduced compound is essentially 
the same as that of 2,6-dipyridol and quite different from that 
of the 2,5 isomer which has maxima at 297 and 233 mu (6). The 
isolated compound and 2,6-dipyridol exhibit a similar hypso- 
chromic shift in acid, whereas the 2,5 isomer does not (6). The 
absorption maximum of the complex formed by treating the 
isolated compound with FeCl; (545 my) does not correspond to 
that reported for 2,5-dipyridol (595 my) (9); no data could be 
found for the corresponding 2,6 derivative. Finally, the ultra- 
violet spectrum of the unaltered compound is very similar to the 
spectra reported for glutaconic acid derivatives which show 
maxima at 360 mu (10). These derivatives are the open chain 
form of 2,6-dipyridol. If the isolated molecule is the 2,6 isomer, 


3Since NaBH, is not known to reduce carbon to carbon bonds 
(7), reduction in the pyrrolidine portion of 2,6-dihydroxy-N- 
methylmyosmine by this reagent would not be expected. How- 
ever, C to N bonds are reduced in some cases (7), and it is not 
unlikely that the double bond indicated in the structure of 2,6- 
dihydroxy-N -methylmyosmine is in tautomeric equilibrium with 
a C to N double bond in this ring (8). We have not investigated 
the chemistry of this reduction, but it does not appear pertinent 
to the establishment of the positions of the hydroxy] groups in the 
pyridine portion of the molecule. 
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it would be in the form of the imide of the abovementioned com- 
pound. 

Although indirect, the evidence appears reasonably conclusive 
that the isolated molecule is 2 ,6-dihydroxy-N-methylmyosmine. 
It is also clear from the data that despite the stoichiometry of the 
oxidations studied, 2 ,6-dihydroxy-N-methylmyosmine is not the 
third oxidative intermediate of nicotine degradation, nor is it 
metabolized by the organism employed. Instead, it arises from 
a metabolically active precursor which is probably the true third 
product. The identity of the active compound and the nature 
of the reaction leading to the formation of 2,6-dihydroxy-N- 
methylmyosmine are discussed in the following paper (4). 


SUMMARY 


A compound formed by the oxidation of nicotine, 6-hydroxy- 
nicotine or 6-hydroxypseudooxynicotine, with the consumption 
of 1.5, 1.0, or 0.5 umole of oxygen per umole of substrate, respec- 
tively, was synthesized enzymatically and isolated in crystalline 
form. The compound was identified as 2,6-dihydroxy-N- 
methylmyosmine on the basis of its elemental analysis, and on 
the correspondence in spectral characteristics of its NaBH,- 
reduced derivative to 2,6-dipyridol. The compound is not 
further metabolized and appears to be a side product on the main 
pathway of nicotine degradation by the bacterium employed. 


Acknowledgment—The helpful counsel of our colleague, Dr. 
Jerome Berson, is gratefully acknowledged. 
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Data presented in the preceding paper in this series (1) indi- 
cated that 2,6-dihydroxy-N-methylmyosmine, a metabolically 
inactive substance, is formed from a metabolically active com- 
pound of unknown nature arising from the three, two, or one step 
oxidations of nicotine, 6-hydroxynicotine, or 6-hydroxypseudo- 
oxynicotine, respectively. The evidence for this conclusion 
was derived from manometric experiments and was some- 
what indirect. The present paper is concerned with a reinvesti- 
gation of the problem in which the use of spectrophotometric 
techniques has led to an identification of the active intermediate 
and a clarification of the reaction leading to 2,6-dihydroxy-N- 


methylmyosmine. 
EXPERIMENTAL PROCEDURE 


The oxidation of 6-hydroxypseudooxynicotine was followed 
spectrophotometrically by measuring the change in absorption 
at either 360 my, the major maximum for 2,6-dihydroxy-N- 
methylmyosmine, or at 290 my, the peak for 6-hydroxypseudo- 
oxynicotine. To initiate the reaction, substrate, brilliant cresyl 
blue, and potassium phosphate buffer were added to quartz 
cuvettes in desired amounts followed by a 40-60 ammonium sul- 
fate fraction! of the crude bacterial extract. The total volume 
was 3.0 ml in all cases, and the reactions were run at room tem- 
perature, usually in an air atmosphere. Cuvettes lacking sub- 
strate served as blanks. The methods of culturing the experi- 
mental organism and of preparation of the ammonium sulfate 
fractions were previously described (1, 2). 6-Hydroxypseudo- 
oxynicotine was synthesized enzymatically (3). 


RESULTS 


Oxidation of 6-Hydroxypseudooxrynicotine Measured Spectro- 
photometrically—Fig. 1 shows the typical diphasic curves ob- 
tained when the increase in absorbancy at 360 mu or the decrease 
at 290 my during 6-hydroxypseudooxynicotine oxidation is 
plotted against time. There is a rapid initial increase at 360 
my with a concomitant decrease at 290 my. This is followed by 
a much slower increase at 360 my, but with little or no change at 
290 mu. The break in the 360 mu curve is very sharp except 
when the reaction mixture is adjusted to give a slow initial rate. 
Then a prolonged transition zone of constantly changing rate 


* This work was supported by a grant from the Tobacco In- 
dustry Research Committee. 

1 That portion of the crude extract which precipitated at 40 to 
60% saturation with respect to ammonium sulfate is designated 
as the 40-60 fraction. Other ammonium sulfate fractions are 
designated in a similar manner. 


appears (Fig. 1, Curve B). The absorbancy of the reaction mix- 
ture at the break point corresponds closely to a calculated 75% 
conversion of 6-hydroxypseudooxynicotine to 2,6-dihydroxy-N- 
methylmyosmine based on the starting substrate concentration 
and the molar extinction coefficient of 2 ,6-dihydroxy-N-methyl- 
myosmine (1). The 360 my curve eventually levels off at the 
theoretical absorbancy, assuming complete conversion of 6-hy- 
droxypseudooxynicotine to 2,6-dihydroxy-N-methylmyosmine. 

At fixed substrate and dye concentration, the primary rate of 
increase at 360 muy is proportional to the enzyme concentration 
up to the point of enzyme saturation (Fig. 2A). In contrast, the 
secondary rate of increase appears essentially independent of 
enzyme concentration over the range tested (Fig. 2B). In the 
presence of excess enzyme, the primary rate of change at 360 
my increases with increasing dye concentration and then de- 
creases at high dye levels (Fig. 24). As with enzyme concentra- 
tion, dye content has no appreciable effect on the secondary rate 
of increase at 360 mu (Fig. 2B). The apparent increase at the 
two highest dye concentrations tested is due to the difficulty in 
obtaining an accurate rate measurement when the rate curve has 
the shape of Curve B (Fig. 1), and is not significant. Substrate 
concentration has no effect on the primary rate over the range of 
0.02 to 0.20 umole in the presence of a high and constant enzyme 
level, whereas there is a sixfold increase in the secondary rate 
over the same range of substrate concentrations (Fig. 21, B). 

These data show that two distinct reactions are occurring 
which are affected differently by the variables tested, thus con- 
firming the conclusion from the manometric experiments previ- 
ously reported (1). The spectra of reaction mixtures at the first 
break point and at the termination of the slow secondary re- 
action show the presence of spectrally distinct compounds at 
these points (Fig. 3). The compound present at the first break 
point has maxima at 275 and 345 muy; that present at the end of 
the reaction has the spectral characteristics of 2 ,6-dihydroxy-N- 
methylmyosmine (1). 

The effects on the former compound of the various deproteini- 
zation procedures previously employed in the manometric exper! 
ments (1) were investigated. Reaction mixtures were set up in 
cuvettes as usual and allowed to reach the first break point. The 
reactions were stopped at this time by heating the solutions at 
100° for 5 minutes or by the addition of 2 volumes of 1 N 
NaOH, 1 n HCl, or absolute ethanol. The precipitated protein 
was immediately removed by centrifugation and a spectrum 
was obtained of the clear supernatant fluid. It was found that 
heating or alkali caused a very rapid conversion of the material 
present at the break point to 2.6-dihydroxy-N-methylmyosmine; 
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Fic. 1. Oxidation of 6-hydroxypseudooxynicotine measured 
spectrophotometrically at 290 and 360 my. Cuvettes contained: 
1.7 mg of protein from 40-60 fraction, 0.085 umole of 6-hydroxy- 
pseudooxynicotine, 0.05 umole of brilliant cresyl blue, 20 umoles 
of KPO, buffer pH 8.0, water to 3.0 ml; room temperature. For 
Curve B: 1.62 mg of protein from 40-60 fraction, 0.09 umole of 
6-hydroxypseudooxynicotiine, 0.12 umole of brilliant cresyl blue, 
20 uymoles of KPO, buffer pH 8.0, water to 3.0 ml; room tempera- 
ture. 


60 T T T 
. 
= 
° 
x 
8 20 a 
10 4 
0 05 19 15 20 05 
MG PROTEIN (e) 
0.05 0.15 0.05 015 


pMOLES BCB (°) or 6-HPO (a) 


Fic. 2. Effect of enzyme, substrate, and dye concentrations on 
the primary (A) and secondary (B) rates in 6-hydroxypseudooxy- 
nicotine degradation. Cuvettes contained: 0.09 umole of 6-hy- 
droxypseudooxynicotine, 0.05 umole of brilliant cresyl blue, and 
1.62 mg of protein from 40-60 fraction, except when these factors 
were the experimental variable, 20 umoles of KPO, buffer pH 8.0, 
water to 3.0 ml; room temperature. Note the 10-fold difference 
in vertical scales used in A and B. 


in all cases the conversion was complete by the time that the 
spectrum could be determined (10 to 20 minutes). The alcohol- 
treated reaction mixtures acted like the untreated controls, 
showing a slow conversion of the material with maxima at 275 
and 345 my to 2,6-dihydroxy-N-methylmyosmine that was 
complete in 2 to 3 hours. 

Acid deproteinization had a different effect. There was an 
essentially instantaneous change from maxima at 275 and 345 
mu to a single maximum at 320 mu. This latter material was 
relatively stable in acid solution, and could be held at refrigerator 
temperatures for 72 hours with little change in spectrum. Neu- 


tralization of the acid solution resulted in an immediate reversal 
to the material with maxima at 275 and 345 muy, which then 
slowly changed to 2,6-dihydroxy-N-methylmyosmine. Acidifi- 
cation of a 2,6-dihydroxy-N-methylmyosmine solution resulted 
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Fic. 3. The spectrum of the reaction product at the break point 
(©) and at the termination of the reaction (@) in 6-hydroxypseu- 
dooxynicotine oxidation. Cuvettes contained: 1.44 mg of protein 
from 40-60 fraction, 0.11 umole of 6-hydroxypseudooxynicotine, 
0.05 umole of brilliant cresyl blue, 20 umole of KPO, buffer pH 8.0, 
water to 3.0 ml; room temperature. 


TABLE [ 


Effect of aerobic and anaerobic conditions on conversion of 
material with maxima at 275 and 346 mu 
(2,6-dihydrorypseudooxynicotine) 

Cuvettes contained: 1.2 mg of protein from a 40-60 fraction, 
0.114 umole of 6-hydroxypseudooxynicotine, 0.05 umole of brilliant 
cresyl blue, 20 umoles of KPO, buffer pH 8.0, water to 3.0 ml; 
room temperature. At the break point the contents of one pair 
of cuvettes were transferred to Thunberg tubes, evacuated, and 
left under nitrogen for the period indicated. The other pair was 
left in tubes at room temperature in an air atmosphere. 


| Aus | Aa? 
Time | | 
| Anaerobic | Aerobic | Anaerobic Aerobic Anaerobic 
hrs | 
0 | 0.900 | 0.905 | 0.625 | 0.615 | 0.890 
6 0.745 | 0.680 1.070 1.000 0.880 


* Absorption maximum of oxidized brilliant cresyl blue. 


only in a slight hypsochromic shift in absorption maxima, from 
290, 360 mu to 280, 355 mu. 

It was found that the conversion of the material with maxima 
at 275 and 345 mu to 2,6-dihydroxy-N-methylmyosmine occurs 
anaerobically. Duplicate reaction mixtures were set up and 
this material was allowed to accumulate in the usual manner. At 
the break point, the contents of one cuvette were transferred to a 
Thunberg tube which was alternately evacuated and flushed 
with nitrogen through several cycles. Both reaction mixtures 
were then held for 6 hours and the final absorbancies at 345 mu 
and 360 my determined. Periodic measurements were made on 
the anaerobic system at 632 my, the absorption maximum of 
oxidized brilliant cresyl blue, to make sure that the dye was not 
serving as an anaerobic oxidant. The data show that conversion 
to 2,6-dihydroxy-N-methylmyosmine was essentially complete 
in both systems (Table I). 

Metabolism of the Material uith Maxima at 275 and 345 mp— 
That this material could be further metabolized was shown by the 
addition of a 0—40 fraction to a reaction mixture at the break 
point. Under these circumstances, there was a rapid decrease 
in absorbancy at 345 my (or 360 my) (Fig. 4) instead of the slow 
increase observed when only a 40-60 fraction was employed. 
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Fic. 4. The metabolic alteration of the product with maxima 
at 275 and 345 my (2,6-dihydroxypseudooxynicotine) by 0-40 frac- 
tion. Cuvettes contained: 1.5 mg of protein from 40-60 fraction 
(added at zero time), 2.0 mg of 0-40 fraction (added at 10 minutes), 
0.2 umole of 6-hydroxypseudooxynicotine, 0.025 umole of juglone, 
20 umoles of KPO, buffer pH 8.0, water to 3.0 ml; room tempera- 
ture. 


HO” Sy 


HO” OH 


FURTHER 
PRODUCTS 


Fic. 5. Summary of reactions discussed. J, 6-hydroxypseudo- 
oxynicotine; JJ, 2,6-dihydroxypseudooxynicotine; 2,6-dihy- 
droxy-N-methylmyosmine. 


This result correlates with the observed additional oxygen up- 
take in manometric experiments when 0-40 fraction is introduced 
into a reaction mixture immediately after oxygen consumption 
catalyzed by the 40-60 fraction has ceased (1). 

Identification of the Material with Maxima at 275 and 345 mu— 
Since this material appeared to be stable only under acid condi- 
tions, several attempts were made to isolate it as the hydro- 
chloride salt by following the method successfully employed for 
6-hydroxypseudooxynicotine (3). However, these efforts were 
unsuccessful because 2,6 - dihydroxy - N -methylmyosmine was 
always formed during the various concentration procedures at- 
tempted. With experiments limited by the dilute solutions of 
the substance available, only one bit of additional evidence 
bearing on its structure was obtained. 

Knowing that the conversion of the metabolically active com- 
pound to the inactive 2,6-dihydroxy-N-methylmyosmine is a 
nonoxidative reaction, and knowing the structure of the starting 
substrate, a logical identity for the intermediate molecule would 
be 2,6-dihydroxypseudooxynicotine (Fig. 5). If so, the inter- 
mediate should give a test for a carbonyl group, whereas 2,6- 
dihydroxy-N-methylmyosmine should not. To check this point, 
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a reaction mixture was set up in which menadione (4) was sub- 
stituted for brilliant cresyl blue to eliminate the interfering blue 
color and with 0.23 umole of 6-hydroxypseudooxynicotine as 
substrate. At the break point, 0.3 ml of a 0.1% solution of 2, 4- 
dinitrophenylhydrazine in 2 N HCl was added to the cuvette. 
The mixture was shaken for 5 minutes at room temperature and 
then 0.2 ml of 5 N KOH was added. There was an immediate 
development of a red color which was not given by either 2,6- 
dihydroxy-N-methylmyosmine or 6-hydroxypseudooxynicotine 
when tested under the same conditions and at the same concen- 
tration. Larger quantities of 6-hydroxypseudooxynicotine (18.5 
umoles) did give a positive test (orange color) with the same 
reagent, whereas 2,6-dihydroxy-V-methylmyosmine was _nega- 
tive at all levels tested (5 to 30 umoles). 


DISCUSSION 


The identification of 2,6-dihydroxypseudooxynicotine as the 
metabolic intermediate in the reaction sequence proposed (Fig. 
5) is largely circumstantial, since it is based on the previous 
identifications of 6-hydroxypseudooxynicotine (2) and 2,6-di- 
hydroxy-N-methylmyosmine (1) together with the additional 
evidence provided by the positive test for a carbonyl group and 
the demonstration that the reaction leading to 2,6-dihydroxy- 
N-methylmyosmine is nonoxidative. The ring closure suggested 
has precedent in other reactions involving nicotine derivatives. 
A similar reaction is the lactamization of y-(3-pyridyl)-y-methyl- 
aminobutyric acid to cotinine which proceeds spontaneously 
under physiological conditions (5). A pH-dependent. inter- 
conversion of pseudooxynicotine and myosmine has also been 
reported in which spectral changes similar to those observed in 
this investigation occur (6). Even more closely allied to the 
present situation are the pH-dependent spectral shifts of the 
second oxidative product believed to involve reversible changes 
between 6-hydroxypseudooxynicotine and 6-hydroxy-N-methyl- 
myosmine (3). The last two ring closure reactions cited above 
are reversible with proper changes in pH, whereas the reaction 
reported in this paper is not. We have no experimental basis to 
explain why the introduction of a second hydroxyl group at the 
2 position of the pyridine ring should stabilize the closed form of 
the pyrrolidine portion of the molecule. In any case, if the open 
form of the third product is the metabolically active one, then 
the question as to whether it is the open or closed form of the 
second oxidative product (6-hydroxypseudooxynicotine or 6- 
hydroxy-N-methylmyosmine) that is further metabolized (3) 
would be resolved in favor of the former. 

It is highly doubtful that the conversion of 2,6-dihydroxy- 
pseudooxynicotine to 2,6-dihydroxy-N-methylmyosmine has 
any metabolic significance. The data show that the reaction 
proceeds nonenzymatically, and several lines of evidence indicate 
that it is also not enzymatically mediated. Thus the rate of 
formation of 2,6-dihydroxy-N-methylmyosmine from 2,6-di- 
hydroxypseudooxynicotine is independent of enzyme concen- 
tration. Also, after treatment of a reaction mixture at the 
break point with acid to remove enzyme, followed by neutraliza- 
tion, the rate of 2,6-dihydroxy-N-methylmyosmine formation is 
about the same as in the untreated reaction mixture. 2,6-Di- 
hydroxy-N-methylmyosmine has never been detected in cultures 
of the experimental organism, whereas 6-hydroxynicotine and 
6-hydroxypseudooxynicotine, the first and second oxidative 
products of nicotine metabolism, frequently accumulate in cul- 
ture fluids. It can be concluded that 2,6-dihydroxy-N-methyl- 
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myosmine is a metabolic artifact arising only because the 
incomplete enzyme system employed was incapable of catalyzing 
further metabolism of the unstable true metabolic intermediate, 
2,6-dihydroxypseudooxynicotine. 

The failure to detect 2,6-dihydroxypseudooxynicotine in the 
manometric experiments previously reported (1) is understand- 
able in view of the instability of the molecule. Not only would 
the time lapse involved in preparing manometric samples for 
spectral measurements allow for its disappearance under physio- 
logical conditions, but the deproteinization procedures used 
would accelerate its disappearance. In view of the instability 
and autoxidizability of nicotine derivatives (7, 8), care should be 
exercised in attributing metabolic significance to compounds 
isolated from biological reaction systems. 


SUMMARY 


Spectrophotometric evidence showed the existence of a com- 
pound having absorption maxima at 275 and 345 my as an inter- 
mediate in the conversion of 6-hydroxypseudooxynicotine to 
2,6-dihydroxy-N-methylmyosmine. This compound was iden- 
tified as 2,6-dihydroxypseudooxynicotine. In the presence of 
the proper enzyme fraction it is further metabolized; otherwise 
it is converted nonoxidatively and nonenzymatically to the 
metabolically inactive 2 ,6-dihydroxy-N-methylmyosmine. 

Addendum—After the preparation of this manuscript, a recent 
paper on the oxidation of nicotine by Arthrobacter oxydans (9) 
was called to our attention. In agreement with our previously 
oeported work (2, 3), 6-hydroxynicotine and 6-hydroxypseudo- 
rxynicotine were found to be the first and second oxidative prod- 
ucts of nicotine metabolism by this organism. The further 
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oxidation of 6-hydroxypseudooxynicotine by their enzyme sys- 
tem resulted in the formation of an unstable intermediate with 
spectral properties almost identical to 2,6-dihydroxypseudooxy- 
nicotine. This intermediate changed spontaneously in aqueous 
or nonaqueous solutions to a stable compound which was isolated 
in crystalline form. Its chemical and metabolic properties, in- 
sofar as they were described, corresponded closely in all respects 
with those reported in the previous paper (1) for 2,6-dihydroxy- 
N-methylmyosmine. They assign the structure 6-hydroxy-3- 
(y-methylaminocrotonyl)-pyridine to the unstable intermediate 
and propose an enol betaine of this compound as the stable form. 
Apart from the elemental analysis of the stable compound, which 
would also apply to 2,6-dihydroxy-N-methylmyosmine, no evi- 
dence is presented for the proposed structures. 
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Preliminary Communications 


An Intramolecular Oxidation Reduction 
Requiring a Vitamin B,, Coenzyme* 


R. H. ABELES AND H. A. Les, JR. 


From the Department of Chemistry, The Ohio State 
University, Columbus 10, Ohio 


(Received for publication September 21, 1960) 


Cell-free extracts of Aerobacter aerogenes (ATCC 8724) convert 
1,2-propanediol to propionaldehyde and ethylene glycol to 
acetaldehyde. The 2,4-dinitrophenylhydrazones of the alde- 
hydes were isolated and characterized by paper chromatography 
and by their melting points. When these extracts are treated 
with charcoal, the ability to convert diols to deoxyaldehyde is 
lost. A substance can be eluted from the charcoal which re- 


proprionaldehyde 
° 
a 


Units of Coenzyme 

Fic. 1. Assay of adenyl-cobamide coenzyme. The assay mix- 
ture consists of 2 mg of lyophilized cell extract, 20 mg of 1,2- 
propanediol, 20 umoles of potassium phosphate buffer pH 8.0. 
Final volume: 1 ml, temperature: 37°, reaction time 20 minutes. 
The reaction is stopped by addition of 1 ml of 2,4-dinitrophenyl- 
hydrazine reagent (2). Total propionaldehyde is determined ac- 
cording to (2). The units are arbitrary. For the bacterial ex- 
tract used in this experiment 10 units represent 14 X 1075 umole 
of coenzyme. 


stores enzymic activity. By a similar prodecure, a substance 
can be obtained from Clostridium perfringens (ATCC 8009) which 
also reactivates the charcoal-treated extract. The coenzyme ob- 
tained from C. perfringens was purified by a procedure which 
will be described in a subsequent communication. The purified 
material gave a spectrum identical with that obtained by Barker 
é al. (1) for the adenyl cobamide coenzyme. Other vitamin B;2 
coenzymes! are equally active (Table I) at the concentrations 
employed. When the adenyl cobamide coenzyme was exposed 
to a 100-watt tungsten lamp for 3 hours, its catalytic activity 
was lost. Preincubation of the cobamide coenzyme with 0.01 


* A part of this work was presented before the 138th Meeting 
of the American Chemical Society, New York, September 1960. 
This work was supported by a grant from The National Insti- 
_tute of Health and The Ohio State University Development Fund. 

1 We wish to thank Professor H. A. Barker for furnishing the 
BC and DBC coenzymes. 


TABLE I 
Activity of cobamide coenzymes 
Reaction conditions are the same as in Fig. 1. 


Propion- 

Coenzyme added | of 

| M pw mole 
Benzimidazolet................... 0.46 
Dimethyl-benzimidazolet. ........ 9.8 xX 10-8 0.46 


* Isolated from C. perfringens. | 
+ Kindly furnished by Professor Barker. 


M KCN also led to inactivation. 
catalytic activity in this system. 

The reaction described is suitable for the determination of 
relative amounts of Biz coenzyme. As shown in Fig. 1, the 
amount of propionaldehyde formed varies linearly with the con- 
centration of the adenyl coenzyme over a wide concentration 
range, although at high concentration (approximately 10-* m) 
saturation is reached. Coenzyme preparations to be assayed 
must be free of DPN, since the presence of DPN gives rise to 
carbonyl compounds other than propionaldehyde. 

The bacterial extract used in this assay is prepared by sus- 
pending 1 g of lyophilized A. aerogenes, grown anerobically on 
glycerol, in 20 ml of water. After the pH of the suspension is 
adjusted to 8.5 to 9.0, the suspension is passed twice through a 
French pressure cell. The disrupted cells are treated for 15 min- 
utes with 0.5 g of Dorco G-60 charcoal with occasional stirring, 
and then centrifuged at 30,000 x g for 30 minutes. After one 
more charcoal treatment, the supernatant is lyophilized. When 
stored in the deep freeze, such preparations maintain activity 
for at least 1 month. 


Cyanocobalamin showed no 
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On the Induction Period and a Protein 
Inhibitor of Mushroom Tyrosinase* 


YASHWANT KARKHANIST AND EARL FRIEDEN 
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The properties of purified mushroom tyrosinase have been re- 
ported by several laboratories (1-5). It has been the general 


* Supported in part by a research grant (G-14015) from the 
National Science Foundation. ame 

t Travel Research Scholar, Hindu Education Fund, Bombay, 
India. 
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Fic. 1. Measurement of tyrosinase activity at 475 my at 30°, on 
the Beckman DK recording spectrophotometer. The 3.0-ml re- 
action mixture contained 0.022 m phosphate buffer pH 7.0 and, 
unless noted otherwise, L-tyrosine (6.0 X 10-4 M) as the substrate. 
A unit of tyrosinase was defined as the amount which produces an 
increase of 0.001 in the absorbancy at 475 my per minute per cm 
light path with 3.0 X 10-* m tyrosine in 0.022 m phosphate buffer 
pH 7.0, 30°. A. Measurement of tyrosinase activity with varying 
amounts of enzyme. B. Measurement of reaction rates with 40 
units of purified and crude tyrosinase. The amount of crude 
tyrosinase was sufficient to produce the same reaction rate as 40 
units of purified tyrosinase. C. Inhibition of 40 units of purified 
tyrosinase by the protein inhibitor (100 ug in 3.0 ml). D. Effect 
of the protein inhibitor (100 yg in 3.0 ml) on purified tyrosinase 
(40 units). In this experiment, 3,4-dihydroxy-L-phenylalanine 
(6.0 X 10-4 m) was used as substrate. Z. Inhibition of purified 
tyrosinase (40 units) by cyanide (1.2 K 10-5 m) and neocuproine 
(2.6 X 10-5). F. Effect of the protein inhibitor (100 ug in 3.0 
ml) on crude tyrosinase (40 units). 


observation that there is an initial induction period followed by 
an increased rate, when the activity of tyrosinase is measured 
with tyrosine or p-cresol as substrate. This induction period 
obtained with monophenols as substrates may be eliminated by 
adding sufficient diphenols such as dihydroxyphenylalanine and 
catechol or certain reductants such as ascorbic acid to the reac- 
tion mixture. This finding has been interpreted as due to a loss 
of monophenolase activity during the purification of tyrosinase. 

However, with highly purified mushroom tyrosinase with a 
specific activity of 10* units per ml per O.D., 280my prepared 
by diethylaminoethy] cellulose chromatography (5), the charac- 
teristic initial lag with tyrosine is absent (Fig. 1A). The crude 
mushroom extract from which this enzyme was purified showed 
an induction period under the same experimental conditions 
(Fig. 1B). When the Michaelis-Menten constants, K,,, of crude 
and purified tyrosinase were determined with catechol as the 
substrate, the values obtained were 5.0 10-5 mand 1.0 x 10-5 
M, respectively. With tyrosine as substrate, the K,, values were 
7.7 10° mM and 4.8 10~ M, respectively. The decrease in 
the calculated K,, observed after purification can be explained 
on the basis of the removal of a competitive inhibitor, since 
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competitive inhibitors can modify the apparent A,, of the en- 
zyme. 

The presence of an inhibitor was confirmed by the isolation of 
an inhibitory protein which is associated with tyrosinase until 
the last step of purification (5). It is present in the initial peak 
(see Fig. 1, Reference (5)) of the 0.04 mM phosphate (pH 8.0) 
eluate, whereas tyrosinase is present in the next peak of the 0.08 
M phosphate (pH 8.0) eluate. The eluate containing protein 
inhibitor was dialyzed to remove phosphate and then lyophilized. 
A 1.0% solution of this lyophilized protein in .005 m Na:HPO, 
gave a single peak in a Spinco analytical ultracentrifuge with a 
sedimentation constant at 20° of about 8 Svedberg units. 

It is seen from Fig. 1C that the addition of protein inhibitor 
to the purified enzyme produced an induction period followed by 
a reduced tyrosinase activity. Upon addition of the protein in- 
hibitor to the crude extract, the induction period increased (Fig. 
1F). This property of the protein inhibitor in causing a lag 
seems unique, since typical inhibitors of tyrosinase (6, 7), e.g. 
cyanide and neocuproine (2,9-dimethyl-1,10-phenanthroline), 
do not cause such a lag (Fig. 14). 

From the data presented here, it is clear that the protein in- 
hibitor of tyrosinase has an apparent twofold action. When a 
monophenol is used as a substrate, the inhibitor delays the start 
of the reaction and then reduces the rate of the reaction once it is 
started. Since tyrosinase catalyzes the fallowing reactions: 
monophenol — diphenol — quinone —~—-— melanin, the effect 
of the protein inhibitor on diphenols as substrates for tyrosinase 
was studied. With 3,4-dihydroxy-.L-phenylalanine as the sub- 
strate, the rate was reduced by the protein inhibitor without 
causing a lag (Fig. 1D). Similar effects were observed when 
catechol was used as the substrate. This suggests that the ac- 
tion of protein inhibitor in causing a lag may occur in the first 
step of tyrosinase action. The isolation, the chemical properties, 
and the mechanism of action of the protein inhibitor are under 
further investigation. 
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We should like to report the formation of a helical complex 
similar to deoxyribonucleic acid in which one strand is polyde- 
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oxyguanylic acid and the other is polyribocytidylic acid. More- 
over, this hybrid complex is considerably more stable than one in 
which both strands are of the deoxyribose type asin DNA. This 
suggests that DNA and ribonucleic acid strands that are comple- 
mentary should, under appropriate conditions, combine prefer- 
entially; hence RNA carrying in its base sequence genetic in- 
formation may be distinguished from other RNA by virtue of 
its ability to combine with the DNA of the same cell. Some pre- 
liminary observations supporting this prediction are reported. 

A sample of poly (dG + dC)! was kindly supplied to us by 
Professor A. Kornberg and Dr. J. Josse together with the in- 
formation that it consisted of strands of poly dG combined with 
strands of poly dC. We found this material to have a sedi- 
mentation constant, s99,u, of 14 S, indicating a molecular weight 
of about 3,000,000 (1). The poly rC sample used had been pre- 
pared by us and has a 829, of 2.1 S, indicative of a molecular 
weight of about 20,000 (2). 

In order to provide the optimal opportunity for the hybrid 
helix to form, a mixture of poly (dG + dC) and poly rC should 
be heated above the denaturation temperature (7,,) of poly 
(dG + dC), where the poly dG and poly dC would separate, and 
then cooled (3).2. In planning this experiment we knew that 
the expected T,, of poly (dG + dC), based on extrapolation of 
DNA data (4),? was about 110° in 0.2 m Na+ and about 90° in 
0.013 m Nat. The absorbancy-temperature profile (260 my) 
showed that this material was denatured sharply at 81° in the 
latter solvent (2.5 mm NazHPO,, 5.0 mm NaH2PQ,, and 1.0 mm 
EDTA). Consequently, a mixture of equal weights of poly 
(dG + dC) and poly rC in this solvent, referred to as phosphate- 
EDTA solution, was heated to 100° for 5 minutes. 

The two “reactants” and the product of the heating operation 
were separately banded in a CsCl gradient in the analytical 
ultracentrifuge (5); the results are presented in Fig. 1. At the 
top are shown the band profiles of the poly rC and poly (dG + 
dC) with densities of 1.88 and 1.80, respectively. At the bottom 
of Fig. 1 is shown the band profile of the heated mixture. It 
contains a single band of intermediate density, suggestive of a 
poly (dG + rC) complex. The poly dC that has presumably 
been displaced does not band; this indicates that it is of relatively 
low molecular weight or that it has a much lighter density. 
When poly (dG + dC) and poly rC are heated and quickly cooled 
separately, they band without alteration in density. 

The existence of a new hybrid complex was indicated in an- 
other manner as well. Pancreatic ribonuclease (Armour; re- 
crystallized) was added to solutions of poly rC and of poly (dG + 
rC) to give a final concentration of a wg of ribonuclease per 6 ug 
of substrate per ml. The absorbancy at 260 muy rose as expected 
in the poly rC solution, indicating hydrolysis. After 12 hours 


* This investigation was supported by a grant (C-2170) from 
the United States Public Health Service, and by the American 
Heart Association. 

+ Present address, Department of Biochemistry, Brandeis Uni- 
versity, Waltham, Massachusetts. 

t Established Investigator of the American Heart Association. 
Present address, Department of Chemistry, Princeton University, 
Princeton, New Jersey. 

1 The abbreviations used are: poly dG, polydeoxyguanylic acid; 
poly rC, polyribocytidylic acid; poly dC, polydeoxycytidylic acid; 
EDTA, sodium ethylenediaminetetraacetate. 
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FORMATION OF HYBRID POLYNUCLEOTIDE COMPLEX 


! 


ABSORBANCY 


' 
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Fig. 1. Microdensitometer tracings of ultraviolet absorption 
photographs of samples equilibrated in a CsCl density gradient 
formed by centrifugation at 44,770 r.p.m. The amounts of ma- 
terial added to each centrifuge cell were chosen to give equal peak 
heights. The peaks shown are the results of three separate runs 
with 20 ug of poly rC, 2 ug of poly (dG + dC), and 8 ug of poly 
(dG + rC), which required 48 hours, 24 hours, and 36 hours, re- 
spectively, for attainment of equilibrium. 


at 37°, only a 5% increase in absorbancy was observed for the 
solution of the poly (dG + rC). This should be expected from 
the excess of unreacted poly rC present with the complex. A 
similar result was obtained with deoxyribonuclease (Worthing- 
ton; recrystallized) which hydrolyzed DNA but not poly (dG + 
rC). Moreover, the complex did not undergo hydrolysis when 
both enzymes were present simultaneously. 

When the absorbancy at 260 muy of the hybrid complex in the 
phosphate-EDTA solution was measured as a function of tem- 
perature, no significant change in absorbancy occurred. The 
buffer concentration was then reduced 10-fold, whereupon a 
characteristic absorbancy-temperature profile was observed 
with a 7, of 83°, and a somewhat greater breadth than usual. 
On the basis of other studies, both with DNA (4)? and polynu- 
cleotides (6), this 10-fold reduction in ionic strength produces a 
depression of 16° in T’,,, so that in the phosphate-EDTA solu- 
tion, the T,, of the hybrid must be at least 99°. This is 18° 
higher than that for poly (dG + dC) in the same solvent (see 
above). This 18° differential in 7’, defines the margin by which 
the hybrid complex is more stable than the poly (dG + dC). 

With this indication that the hybrid complex is more stable 
than the DNA-type, a preliminary search has been made for 
complexes formed by heating and slowly cooling (3) mixtures of 
DNA and RNA isolated from the same bacteria. Under these 
conditions DNA consists largely of the renatured form, and a 
lesser amount of denatured single-stranded material (Fig. 2, 
solid line). Since the amount of complex expected when RNA 
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DENSITY 

Fic. 2. Tracings showing the effect of the presence of RNA on 
the band profile of renatured Escherichia coli B DNA. The peak 
at 1.700 g per ce is a Diplococcus pneumoniae DNA standard. 
Slowly cooling the DNA alone at 10 ug per ml resulted in the solid 
band profile, in which the material at a density of 1.714 g per cc 
corresponds to the renatured form and that at 1.723 g per cc to 
the denatured form. The presence of 30 ug per ml of microsomal 
RNA (8S ina solution of 0.15 m NaCl and 0.015 m sodium citrate), 
isolated from E. coli B, produced the pattern represented by the 
broken line, although the cooling was carried out in exactly the 
same manner. The CsCl density gradient centrifugation was at 
44,770 r.p.m. 


is added is at best small, and the density heterogeneity large, we 
did not expect to observe material of intermediate density in the 
CsCl gradient, but instead looked for effects on the DNA band. 
Free RNA would migrate to the bottom of the ultracentrifuge 
cell and not be in view. Any complex formation would shift 
DNA to higher density. If the ratio of RNA to DNA in the 
complex were small, the density shift would be small, and one 
would observe only an alteration in the DNA profile; if, however, 
he ratio were near equivalence, the DNA would be removed from 
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the band. A typical result is shown in Fig. 2, in which it is seen 
that the presence of the RNA during slow cooling causes a sig- 
nificant alteration in the band pattern. In particular, its pres- 
ence causes some DNA to assume a density slightly greater than 
that of the single-stranded form. This effect appears to be 
fairly specific, in that RNA from a different species does not 
produce nearly the same result. 

The formation of helical complexes between RNA and DNA 
with complementary sequences has obvious significance. The 
role of such a complex as a carrier of information from DNA to 
the site of protein synthesis has already been emphasized in the 
current report of complex formation between oligonucleotides 
of deoxythymidylic acid and polyriboadenylic acid (7). Further- 
more, the suggestion has been made that RNA may act as a 
repressor of the genetic information in DNA (8). These sug- 
gestions are strengthened by knowing that the required molecu- 
lar interactions can indeed occur spontaneously, and that the 
hybrid complex may be endowed with the capacity to resist 
attack by the nucleases to which it may be exposed in carrying 
out such roles. 
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On the Sulfhydryl Group of Human 
Plasma Albumin* 
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Human plasma albumin is known to be composed of two types 
of albumins, one devoid of sulfhydryl group and the other with a 
readily titrable sulfhydryl group (1). Work in this laboratory 
has shown that human plasma albumin can be separated clearly 
by countercurrent distribution (solvent system containing aque- 
ous ammonium sulfate, 1-propanol, and ethanol) into two frac- 
tions of different molecular weight, 67,000 and 134,000 (2). The 
monomer was found to be the albumin devoid of sulfhydryl 
group, Whereas the dimer was found to arise from the inter- 
molecular disulfide formation of two molecules of mercaptal- 
bumin. It is the purpose of this communication to present 
evidence that the albumin devoid of sulfhydryl group is a mixed 
disulfide compound of mercaptalbumin with cysteine and to a 
lesser extent with glutathione. 

Amino acid analyses (3) of the monomer and dimer fractions 
showed, within experimental error, similar compositions. Iden- 
tical rates of release of amino acids by carboxypeptidase A were 
found with both fractions, suggesting a common carboxyl- 
terminal sequence of ....(Val, Ser, Glu-NH2, Asp-NHb2, Leu, 
Ala, Gly)-Leu. Essentially the same sequence has been found 
for unfractionated albumin (4, 5). A difference between the 
two fractions, however, was noted when attempts were made to 
determine their amino-terminal amino acids. The amino-ter- 
minal amino acids were detected after dinitrophenylation and 
subsequent oxidation with performic acid at 0°. The ether ex- 
tract of the 20-hour hydrolysates of both fractions contained 0.9 
mole of DNP-aspartic acid! per 67,000 g. The aqueous phase of 
the monomer fraction contained 0.7 mole of DNP-cysteic acid, 
whereas that of the dimer contained less than 0.04 mole.? The 
DNP-cysteic acid was isolatefl by countercurrent distribution 
(2-butanol-3 % acetic acid), after preliminary removal of e-DNP- 
lysine by passage of the hydrolysate through a Dowex 50-Ht+ 
cycle. 

‘Satie acid oxidation of the monomer was found not to 
cause a decrease in its molecular weight as determined by 


*This study was aided in part by a grant, A-2493, from the 
National Institutes of Health. | | 

1 The abbreviation used is: DNP, 2,4-dinitrophenyl. 

? These values were corrected for decomposition during hydrol- 
Ysis. 


equilibrium ultracentrifugation in 40% pyridine-0.15 nN sodium 
chloride (6). Upon hydrolysis of the diffusate obtained by 
exhaustive dialysis of the oxidized monomer in 40% pyridine, 
0.80 mole of cysteic acid, 0.30 mole of glutamic acid, 0.32 mole of 
glycine, and traces of other amino acids (total less than 1.2 
mole) were found. These results can be interpreted best on the 
basis that in comparison to mercaptalbumin, the major portion 
of nonmercaptalbumin contains an additional half-cystine resi- 
due and a minor portion contains a glutathione residue. 

Recently, Eagle et al. (7) have reported the reversible binding 
of disulfide compounds with serum proteins. This suggests 
that in the presence of disulfide compounds, mercaptalbumin 
may be converted to nonmercaptalbumin, and this was found to 
be the case. After treatment of human plasma albumin (0.35 
mM) with cystine (0.17 mM) in Tris buffer (pH 7.4, T' /2 0.19) at 
37° for 20 hours under aerobic conditions, the recovered albumin 
had lost its titrable sulfhydryl group, and only the monomer 
band corresponding to nonmercaptalbumin was found on dis- 
tribution in the solvent system described. A control experiment 
without any added cystine showed no disappearance of sulf- 
hydryl group or of the dimer-forming capacity. Thus, mercap- 
talbumin can be converted to nonmercaptalbumin by a disulfide 
exchange reaction. This reaction also occurred with oxidized 
glutathione, but in contrast to cystine, it did not go to comple- 
tion. 

The present findings can account for the variable sulfhydry] 
content of human plasma albumin, 0.4 to 0.6 mole, and for the 
loss of free cystine and cysteine in plasma upon storage (8). A 
source of glutathione in plasma is also suggested. The reported 
presence of one-third of a mole of half-cystine as amino-terminal 
amino acid in equine plasma albumin (9) becomes apparent, but 
its presence in human plasma albumin has eluded the previous 
investigators (5, 10). The implications of these findings are 
being investigated further. 
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Catalysis of an Inorganic Phosphate-H,O"* 
Exchange by Actomyosin and Myosin* 


Mary E. Dempsey P. D. Borer 
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Minnesota, Minneapolis, Minnesota 


(Received for publication, November 14, 1960) 


The principal purpose of this communication is to report evi- 
dence demonstrating that actomyosin and myosin in the pres- 
ence of adenosine triphosphate catalyze an exchange of the oxy- 
gens of inorganic phosphate (Pi) with water oxygens. Levy 
et al. (1-3) have reported that P; released from ATP by hydrolysis 
in the presence of actomyosin or myosin shows incorporation of 
more than one oxygen from water, and have attributed this to 
occurrence of exchange at some intermediate stage of the hy- 
drolysis. The present studies were prompted by our interest in 
any reactions that might be responsible for exchange of ATP or 
phosphoryl! oxygens without formation of and the potential 
importance of the properties of the exchange reaction to an 
understanding of the contractile process. 

The possibility that the actomyosin- and myosin-induced ex- 
changes might occur with the P; of the medium and not with an 
intermediate formed in ATP hydrolysis was suggested by the 
unexpected observation that addition of inorganic pyrophosphate 
(PP;) to actomyosin preparations accelerated the incorporation 
of water oxygens into P;. That the exchange by actomyosin 
preparations resulted from presence of a pyrophosphatase (see 
Cohn (4)) was eliminated by the lack of detectable hydrolysis of 
PP;. Further, no O" from water or radioactivity from P;? was 
incorporated into the PPi. 

Evidence that the oxygen exchange accompanying ATP hy- 
drolysis by actomyosin and myosin occurs with the P; of the 
medium is given by the time course of the oxygen incorporation 
and hydrolysis with rat actomyosin (5), presented in Fig. 1. 
Similar results were obtained with rabbit myosin (6). This is of 
importance because myosin, unlike actomyosin, did not catalyze 
any detectable exchange in the absence of ATP. The results 
demonstrate that the P; liberated early in the course of the 
reaction contained only the one water oxygen expected from the 
hydrolytic reaction (7). With continued hydrolysis, additional 
water oxygens appear in the P;. As pointed out by Levy and 
Koshland (2), the time dependence of incorporation of O'8 into 
P; will not distinguish between exchange occurring with an 
intermediate formed during ATP hydrolysis or with the P; of 
the medium if the assumption is made that there is a constant 
rate of exchange independent of the concentration of P;. How- 
ever, if the exchange occurs with the P; of the medium and the 
rate of exchange per P; molecule is decreased at low P; concen- 
trations, the results given in Fig. 1 would be expected. 

A clear differentiation between exchange occurring with an 
intermediate formed during ATP hydrolysis or with the P; of 
the medium can be obtained by comparing the total oxygen ex- 
change as measured by the loss of O8 from P;-O to that meas- 
ured by the incorporation of O8 from H,O" into P;. Exchange 


* Supported in part by United States Public Health Service 
grant RG-4930, by Atomic Energy Commission Contract AT (11-1)- 
341, and by the Hill Family Foundation. 
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Fic. 1. Time course of hydrolysis of ATP and of oxygen in- 
corporation into P; by actomyosin. @——@, ATP hydrolysis; 
x——X, oxygen incorporation into P;. The incubation medium 
contained 50 mm Tris pH 7.4, 10 mm MgCl:, 5 mm ATP, H.0% 
(0.72 atom % excess), and 0.12 m KCl, with 0.3 ml of reprecipitated 
actomyosin gel (in 0.4 m KCl) per ml. After incubation at 25°, 
perchloric acid was added (final concentration 0.3 m), the acid 
extracts treated with charcoal, P; isolated as MgNH.PQ,, and the 
O'8 content determined. 


TaBLeE I 
P; oxygen exchange during hydrolysis of ATP 
Conditions as for Fig. 1, but with O18 and P; present as indi- 
cated, a 60-minute incubation time for actomyosin (added in 0.2 
M KCl), and a 180-minute incubation with myosin (added in 0.6 
mM KCl). 


O18 atom % excess mm Pj present 
ma H:0 
exchanged 
added | Initial Final 
Actomyosin hydrolysis 
1.44 | 0.000 0.099 | 48.0 54.4 | 15.0 
0.00 1.005 0.817 48.0 55.0 15.0 
Myosin hydrolysis 
1.44 0.000 0.090 51.0 55.6 14.0 
0.00 1.012 0.854 47.2 52.4 13.6 


* Calculated from the integrated forms of the appropriate rate 
equations assuming hydrolysis was first order for release of 2 P; 
per ATP (adenylate kinase activity was present) and the exchange 
zero order. Close to the same results were obtained by assuming 
that the relative exchange and hydrolysis rates paralleled each 
other during incubation (e.g. for the actomyosin experiment, mM 
H.O exchanged = 14.2 and 14.8, respectively), or by approximat- 
ing the amount of exchange from average values of excess O!8 (e.g. 
for the actomyosin experiment, mm H2O exchanged = 12.5 and 
14.3, respectively). This follows because P; formed was rela- 
tively small compared to P; present. 


limited to an intermediate in the hydrolysis of ATP should give 
incorporation of water oxygens into the P; formed from ATP 
but no exchange of the oxygens of P; present in the medium. 
Results of experiments in which exchange was measured with 50 
mM P; initially present, but with O" present either in the water 
or in the P; under otherwise identical conditions, are given in 
Table I. The oxygen exchange as measured by 0" loss from Pi 
was equal within experimental error to the exchange as meas- 
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ured by incorporation of O'8 from H,O into P;. These data 
demonstrate that all the exchange occurring during ATP hy- 
drolysis can be accounted for by the exchange of P; oxygens. 

Actomyosin in the presence of ATP or PP;, and myosin in the 
presence of ATP, are known to undergo structural modification 
(see for example (8) and (9)). Our findings show that such 
structural changes are accompanied by and might be directly 
correlated with enhanced exchange of P; oxygens. Whether 
this occurs by interaction of the P; from the medium at a site 
occupied by the P; released from cleavage of ATP or at an 
entirely independent site is not known. The exchange could 
reflect reversible formation of a phosphoryl] derivative. Par- 
ticularly intriguing in this regard is the binding of P; in presence 
of ATP recently studied by Gergely and Maruyama (10). As 
noted by Levy and Koshland (2), complete reversal of the 
hydrolysis of ATP does not occur. Under conditions as used 
herein with 40 mm P;” and 50 mm adenosine diphosphate pres- 
ent, no detectable P® (less than 0.5%) appeared in unhydrolyzed 
ATP after about 45% hydrolysis. 

In summary, skeletal muscle actomyosin and myosin in the 
presence of ATP catalyze an exchange of oxygens of P; of the 
medium with water oxygens. This exchange accounts for the 
phosphate oxygen exchange observed during ATP hydrolysis. 
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a-Chain of Human Hemoglobin* 
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In a previous communication, we reported the isolation and 
characterization of all the peptides arising from tryptic digestion 
of the a-chain of human hemoglobin. We now wish to describe 


* This investigation was supported in part by a research grant, 
A-2493, from the National Institute of Arthritis and Metabolic 
Diseases of the National Institutes of Health, United States 
Public Health Service. 
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Fic. 1. The partial structural formula of the a chain of human 
hemoglobin. In this figure no attempt has been made to dis- 
tinguish between glutamic acid and glutamine or aspartic acid and 
asparagine. The designation T a@ in the semicircles above the 
arginine and lysine residues indicates the tryptic peptides (1) 
which terminate in these residues. The numbers in the semicir- 
cles below these residues locate their position in the polypeptide 
chain. 


the results of cleavage of the a chain by chymotrypsin and pepsin 
which has enabled us to propose the partial structural formula 
shown in Fig. 1. 

The @ chain (2 g) was digested with 20 mg of chymotrypsin 
in a pH-stat at pH 8.0 for 24 hours at 30°. The insoluble ma- 
terial (0.2 g) remaining at the end of the digestion was removed 
by centrifugation. The soluble peptides were fractionated by 
countercurrent distribution to 3000 transfers in the phenol- 
ethanol-0.1 N HCl system used earlier (1). Although analysis 
of the distribution with ninhydrin showed discrete peaks, these 
were found to be mixtures. Cuts from the distribution were 
further separated by gradient elution chromatography on Dowex 
1-X2 with N-ethylmorpholine acetate buffers and subsequently 
on Dowex 50-X2 with a pyridine acetate gradient of increasing 
ionic strength at pH 5.6. The purity of each peptide was esti- 
mated first by paper electrophoresis at pH 5.6 and 7.9, then by 
quantitative amino acid analysis with the automatic analyzer of 
Spackman, Stein, and Moore (2). The chymotryptic peptides 
considered pure are indicated in Fig. 1 by the designation Ca. 

Another 2-g portion of the a chain was digested with 20 mg of 
pepsin in 0.01 n HCl for 20 hours at 25°. At this pH both the 
globin and the products of peptic digestion were completely 
soluble. The digest was also distributed to 3000 transfers in the 
same system described in the isolation of the tryptic (1) and 
chymotryptic peptides. Cuts from this distribution were puri- 
fied by chromatography on Dowex 1-X2 and Dowex 50-X2 as 
described above. The peptides of sufficient purity are indicated 
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in Fig. 1 by the designation Pa. The yields of each peptide 
were determined and will be reported subsequently in detail. 

The arrangement of the tryptic peptides (1), T a 4.T @ 5. 
T a@i11.Ta@10.T @ 13, in the chain was deduced from data sum- 
marized in Fig. 1, together with results on the further degrada- 
tion of individual T a@ peptides by subtractive Edman degra- 
dation (3), chymotryptic digestion, and sequence study with 
carboxypeptidases A and B. The nondiffusible peptide (T a 
10,11) was found to be slowly split further by trypsin to yield 
T a 10 and T @11 of Fig. 1. The sum of the amino acid com- 
positions of the separated peptides agreed with that previously 
reported for T @ 10,11 (1) except that two rather than three 
residues of proline were found. T a@ 4 was found to have the 
same NH.-terminal sequence reported by Schroeder et al. (4) 
for the a chain, whereas T @ 13 has been shown by Guidotti (5) 
to be part of the COOH-terminal sequence of the @ chain. 

The data from chymotryptic and peptic digestion enabled us 
to place all the remaining lysine- and arginine-containing pep- 
tides in unique positions solely from the amino acid composition 
of these peptides. These assignments were checked in several 
cases by redigestion of the chymotryptic or peptic peptides with 
trypsin, isolation of the products by ion exchange chromatog- 
raphy, and determination of their amino acid compositions. 
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The recently corrected results of Braunitzer et al. (6) on the 
amino acid composition of the tryptic peptides obtained from 
human hemoglobin are now consistent with our previously re- 
ported data and with the sequences given in this communication 
except for positions 37 and 38. 


Acknowledgments—We wish to thank Dr. G. Guidotti for the 
carboxypeptidase experiments, Dr. L. C. Craig for his valuable 
advice and support, and Miss Catherine Volin for her expert 
technical assistance. 


REFERENCES 


1. R. J., aND KoniGsBERG, W., J. Biol. Chem., 235, 
(1960). 

2. SpackmaN, D. H., Stein, W. H., anp Moore, S., Anal. Chem., 
30, 1190 (1958). 

3. Hirs, C. H. W., Moore, S., AND STEIN, W. H., J. Biol. Chem. 
235, 633 (1960). 

4. ScHROEDER, W. A., Fortschr. Chem. org. Naturstoffe, 17, 363 
(1959). 

5. Guipotti, G., Biochim. et Biophys. Acta, 42, 177 (1960). 

6. BRAUNITZER, G., Ruptorr, V., HILSE, K., LIEBOLD, B., anp 
MuttieER, R., Z. physiol. Chem. Hoppe-Seyler’s, 320, 283 
(1960). 


t 
| t 
| 
0 
| 
t! 
h 
5 
d 
ti 
di 
at 
a 
ti 
. ( 
ro 
pI 
M 
as 
th 
St 
15 
fa: 
isf 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 
Vol. 236, No. 3, March 1961 
Printed in U.S.A. 


Preliminary Communications 


Amine-induced Cleavage of Periodate- 
oxidized Nucleotide Residues 


J. X. Kuym AnD Wa E. Coun 


From the Biology Division, Oak Ridge National Laboratory,* 
Oak Ridge, Tennessee 


(Received for publication, November 10, 1960) 


In the course of investigating the chemical characteristics of 
periodate-oxidized ribosyl derivatives (1), we have reinvesti- 
gated the base-catalyzed degradations of these substances re- 
ported by Whitfeld (2) and by Brown, Fried, and Todd (3). 
In our hands, the agents used by them (ammonia and glycine, 
in the pH range of 9 to 10) gave incomplete yields of inorganic 
phosphate and aglycone residue. This occurred only when the 
subsequent analyses or isolations were carried out under condi- 
tions that cleave labile bonds (i.e. inorganic orthophosphate 
assay by any of the acid phosphomolybdate procedures; chroma- 
tography at acid or very alkaline pH values). When, however, 
we performed the chromatographic and other assays under con- 
ditions favorable to preserving such acid-labile linkages, or if 
the substances were stabilized by reduction before analysis (1), 
we found that little or no separation of phosphate and aglycone 
occurs under these conditions. 

It has been shown (4-6) that there are considerable differences 
between primary amines, on the one hand, and ammonia, on 
the other, in the kinds of addition products formed with alde- 
hydes. 

On examining the reactions of amines with periodate-oxidized 
5’-nucleotides (1), we have found that the formation of addition 
compounds with primary amines (see Fig. 1) and the subsequent 
decomposition of these to separate the phosphate quantitatively 
from the purine or pyrimidine base may be carried out within 
the pH range of 5 to 9 and at room temperature. Such condi- 
tions are thus applicable to such problems as the selective 
degradation of adenosine triphosphate in the presence of deoxy- 
adenosine triphosphate (7) or of sequence analysis in ribonucleic 
acid chains. 

Procedure—Nucleoside 5’-phosphates (free or in polynucleo- 
tide combination) were oxidized with slight excesses of periodate 
(concentrations usually above 10-* m) in 15 to 30 minutes at 
room temperature (pH about 5 to 6).1 Excess periodate, if 
present, was reduced to iodate with glycerol or ethylene glycol. 
Methylamine or other agent was added in 10- to 100-fold excess 
as a buffered (pH 8 to 10) acetate, formate, or chloride salt and 
the final pH was adjusted if necessary (the pH tends to drop as 


* Operated by the Union Carbide Corporation for the United 
States Atomic Energy Commission. 

1We have found, as have many others, that periodate and 
ribonucleosides react quantitatively and stoichiometrically within 
15 minutes at room temperature at concentrations of 10-4 M, and 
faster at higher concentrations. Any pH between 3 and 9 is sat- 
isfactory for the oxidation. 


the addition reaction proceeds, as expected from the reactions 
shown in Fig. 1). The addition products* (presumed to be Schiff 
bases) are fairly stable at pH 9.5, and consequently, this pH was 
maintained during their isolation. To decompose them, the pH 
of the solution was lowered to below 7, or kept at 7 to 8 with an 
appropriate buffer. The solution was then allowed to stand. 

Reductions to stabilize the addition products were carried out 
by the addition of solid NaBH, in approximately 10-fold molar 
excess. Ion exchange chromatography for ultraviolet-absorb- 
ing as well as for phosphorus-containing fragments was carried 
out essentially as indicated by Cohn (8), but with particular 
attention to those conditions of pH and of alkaline agents that 
would preserve the species of interest present (see Fig. 2). 
Chemical analyses for inorganic phosphate were carried out by 
several methods (9-11). 

Fig. 3 indicates the difference between “‘apparent P;,’ that 
material assaying as P; by any of the acid phosphomolybdate 
methods (points and curves), and “real P;,’”’ that P; isolated by 
chromatography or remaining after borohydride reduction (val- 
ues in parentheses). When aliquots are reduced with NaBH, 
or are chromatographically analyzed, the amount of real P; re- 
maining is indicated by the first figures in the parentheses; these 
are placed on the curves at the times at which the samples were 
separated or stabilized. 

If samples of these solutions are converted to pH <6 and 


allowed to stand for several hours, real P; increases to the values 


shown by the second figures in the several parentheses in Fig. 3. 
The difference between the two figures thus shows the increase 
in real P; by an incubation at pH <6, after the initial reaction 
has proceeded for the time shown on the figure. 

Three general classes of reactions are distinguishable from our 
data. (a) Alkali, in the absence of amine groups, gives a straight- 
forward cleavage of the oxidized ribose chain. (6) Ammonia 
and glycine at pH 9 to 10 incompletely form acid-labile complexes 
that are in equilibrium with the starting dialdehyde. The 
partial yield of degradation products upon neutralization seems 
to stem from the partial yield of complex formed. (c) Primary 
amines (and a-amino acids) at pH 7 to 8 quantitatively form 
complexes that are cleaved by neutral or mildly acid conditions 
to inorganic phosphate and aglycone without significant recon- 
version to the starting dialdehyde. The cleavage leaves at 
least a part of the original ribose attached to the aglycone, giving 
it certain attributes of the corresponding nucleoside.? The 
initial acid-labile amine complexes are reducible to acid-stable 
compounds that include all the parts of the starting dialdehyde.? 

This procedure has been applied to a mixture of deoxy-ATP 
and ATP, giving a quantitative cleavage of the latter into an 
aglycone fragment and what appears to be a linear triphosphate, 
and to the elimination of cytidine from ApApC (kindly supplied 


2 The addition product (JI), the Schiff base (JV), and the re- 
duction product (V), for example, retain all the adenine and phos- 
phate of the original dialdehyde. The former decompose readily 
at pH <7, the latter does not. 

3 It is possible that the initial cleavage is at the C—O—C link- 
age in the former ribose residue, with subsequent loss of the 3-car- 
bon fragment from the phosphate. 
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II Di-a-HYDROXY AMINE IY SCHIFF'S BASE 
I. DIALDEHYDE PHOSPHATE PHOSPHATE PHOSPHATE 
CH20-® CH20- ® 
Ade-CH-O-CH OH~ | Ade-CH-O-CH Ade-CH-O-CH 
i +R-NHo => ! 
CH HG RNH-CH H* RN=CH HC=NR 
| | pH 2-7, 25° 
Ade-CH-O-CH ADENOSINE DERIVATIVE +R Ade-CH-O-CH 
| 25° RNH-CH HC-NHR 
I. DIALCOHOL PHOSPHATE W. REDUCED SCHIFF’S BASE 
PHOSPHATE 


Fic. 1. Simplified representation of the reactions of amines and 
other agents with periodate-oxidized adenosine 5’-phosphate. 
The numbers assigned to the structures are the same as those 
appearing in Fig. 2. Ade = adenine; P;* = inorganic orthophos- 
phate or phosphate ester (i.e. @)—C—-C—C—R) no longer linked 
to adenine; (P) = phosphoryl] residue; R = residue attached to 
primary amine. 
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Fic. 2. Ion exchange chromatography of various products and 
intermediates in the reaction of methylamine (CH3;) or NH, (H) 
with adenosine 5’-phosphate. The substances are numbered in 
accordance with the scheme of Fig. 1. The substance labeled Ado 
is not adenosine but a substance that appears in its position and 
has its spectral properties. It is thus probably adenine still 
linked to 2 to 5 carbons of the original ribose chain. Column, 9 
em X 1.0 cm?, Dowex 1-formate. Flow rates about 2 ml per min- 
ute. 
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Fic. 3. Rates of appearance of material reacting as inorganic 
orthophosphate (acid molybdate assay) in periodate-oxidized 
adenosine 5’-phosphate solution during treatment with various 
bases at pH ~49.5 (or 13, in the case of NaOH). At various times 
samples were withdrawn and either chromatographed (to separate 
those phosphate compounds still attached to adenine) or reduced 
with NaBH,. That P; separated from adenine, or still reacting 
as P; after reduction, is the first figure in the parentheses located 
at the time of such separation or reduction. The second figure in 
the parentheses is the same kind of P; assay on samples withdrawn 
at the times shown and incubated several hours at pH 5 to 6 be- 
fore assay. 


Cleavage of Nucleotides 
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by Dr. A. M. Michelson), as a model for an RNA sequence 
study. It may obviously also be applied to obtain P assays on 
the stable 5’-phosphates without the necessity of acid digestion. 

Further narrowing of the necessary pH variation may make it 
possible to carry out all steps in an RNA sequence determina- 
tion*—periodate oxidation,’ complex formation, acid cleavage, 
phosphatase action—in one solution of suitable pH and amine 
composition. Control can be afforded by the exact stoichiom- 
etry of the periodate reaction.!: ° 


SUMMARY 


Nucleoside 5’-phosphates are cleaved into a phosphate frag- 
ment and an aglycone fragment by treatment of the periodate- 
oxidized material with a primary amine or an amino acid in the 
pH range of 7 to 8. Schiff base formation is quantitative at 
pH >9, but a quantitative yield of the two fragments appears 
if the pH is kept at, or is subsequently lowered to below 8, 
Substances that appear not to give Schiff bases or that do so 
incompletely, like ammonia and glycine at pH above 9, give 
lower yields of the products. The neutral pH range and rapidity 
of the reaction with primary amines at room temperature make 
this decomposition applicable to sequence determination in ribo- 
nucleic acids. 
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applications of this principle to RNA sequence determinations 
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’ Schmidt et al. (15) observed that the end (3’) phosphate of 
the polynucleotides produced by the degradation of RNA by 
pancreatic RNase can be removed by prostatic phosphatase, 
whereupon the polynucleotides become stoichiometrically and 
quantitatively susceptible to periodate oxidation. 
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Direct Spectrophotometric Evidence for 
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during the Enzymatic Synthesis 
of Thymidylate* 
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Indirect evidence suggests that tetrahydrofolate participates 
in the enzymatic synthesis of thymidylate not only as a coenzyme 
for the transfer of a 1-carbon moiety but also as the hydrogen 
donor for the reduction of the 1l-carbon moiety to a methyl 
group (1-7). Accordingly the over-all reaction may be written: 


enzyme 


dTMP + dihydrofolate 


A direct spectrophotometric method has been devised to fol- 
low the oxidation of tetrahydrofolate during the synthesis of 
thymidylate. It is based on the marked spectral change which 
occurs when 5,10-methylenetetrahydrofolate is converted to 
dihydrofolate. A nonenzymatic reaction between formaldehyde 
and tetrahydrofolate yields 5,10-methylenetetrahydrofolate 
(also called hydroxymethyltetrahydrofolate) (8, 9). The in- 
stability of tetrahydrofolate is well known; however, in the pres- 
ence of an excess of formaldehyde and a high concentration of 
2-mercaptoethanol (0.1 M) there is essentially no degradation of 
5,10-methylenetetrahydrofolate for a period of 1 hour at room 
temperature. The spectra of tetrahydrofolate and dihydrofolate 
in the presence of formaldehyde and 2-mercaptoethanol are 
shown in Fig. 1. Of special note is the difference spectrum, Fig. 
1 (Curve C), characterized by an increase in absorbancy at 338 
mu (Ae = 6600), and a decrease in absorbancy at 303 mu 
(—Ae = 9000). An identical difference spectrum was obtained 
with a reaction mixture consisting of deoxyuridylate, tetrahydro- 
folate, formaldehyde, Mg++, 2-mercaptoethanol, and purified 
Escherichia coli thymidylate synthetase (Fig. 2). 

The spectral change which occurred during the enzymatic 
oxidation of 5,10-methylenetetrahydrofolate could be correlated 
with the synthesis of P-labeled thymidylate (Table I). For 
each mole of thymidylate formed, 1 mole of dihydrofolate ap- 
peared as measured by the increase in absorbancy at 340 mu. 

The product of the enzymatic oxidation of tetrahydrofolate 
was adsorbed on DEAE-cellulose and recovered in excellent 
yield by gradient elution with Tris (13). Deoxyuridylate (0.94 
umole), dl,i-tetrahydrofolate (2.2 umoles) and E. coli thymidyl- 
ate synthetase (2.2 mg) in 11 ml of Mixture I (Fig. 1) were in- 
cubated for 60 minutes at room temperature. The increase in 
absorbancy at 340 my was 0.540, equivalent to the formation of 
0.93 umole of dihydrofolate. The reaction mixture was then 
poured through a DEAE-cellulose column (1.8 xX 10 em) and 


dUMP + 5,10-methylenetetrahydrofolate 


* Supported in part by grants from the National Science Foun- 
dation and the National Institutes of Health. 
t Charlton Research Fellow. 
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Fic. 1. Absorption spectra of tetrahydrofolate and dihydro- 
folate in the presence of formaldehyde. Curve A. 0.0194 umole 
of dl,u-tetrahydrofolate (« at 294 my, 32,000 (8, 9)) in 1 ml of 
Mixture I which contains Tris-HCl buffer, pH 7.4, 40 umoles; 
2-mercaptoethanol, 100 umoles; ethylenediaminetetraacetate, 1.0 
umole; MgCl., 25 umoles; and formaldehyde, 15 umoles. Curve B. 
0.0194 umole of dihydrofolate (e€ at 282 my, 28,000 (11, 12)) in 1 
ml of Mixture I. Curve C. Difference spectrum of solution B 
versus solution A. 


ABSORBANCY DIFFERENCE 


WAVE LENGTH (mw) 


Fic. 2. Difference spectra obtained during the enzymatic syn- 
thesis of thymidylate. Each of two cuvettes contained Mixture 
I (Fig. 1) plus enzyme (0.2 mg of protein) plus different amounts 


of dl, L-tetrahydrofolate (A. 0.04 umole or B. 0.16 umole) in a total 
volume of 1 ml. The reaction was begun by the addition to one 
cuvette of dUMP, 0.046 umole (e at 262 my, 10,200 in 0.1 N HCl). 
The cuvette without dUMP was used as the reference cell. The 
reaction at 25° was followed in a Cary recording spectropho- 
tometer by scanning at the times (minutes) indicated in the figure. 
The enzyme was prepared as follows: A cell-free extract (100 ml) 
of alumina-ground E. coli B containing 2 g of protein was partially 
freed of nucleic acid with streptomycin, fractionated with 


(NH,)2SO, (0.45 to 0.85 saturation) and purified by chromatog- 


raphy on a DEAE-cellulose column, 6 X 10 cm. Fractions ob- 
tained by linear gradient elution with NaCl (between 0.25 and 0.30 
M) were dialyzed and concentrated on a small DEAE column. 
This procedure usually yielded 50 mg of protein with a thymidy- 
late synthetase activity of 0.5 umole of dTMP formed per mg of 
protein per hour at 25°. 


elution started. The mixing chamber contained 200 ml of 0.005 
m Tris, pH 7.0, and the reservoir, 400 ml of 1 m Tris, pH 7.0; 
both solutions were in 0.2 M mercaptoethanol. Tetrahydrofolate 
and protein appeared first in tubes 32 to 42 (3 ml fractions), 
followed by dihydrofolate in tubes 62 to 78. The same elution 
pattern was obtained with a known mixture of tetrahydrofolate 
and dihydrofolate. The isolated product was further identified 
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TABLE I 
Stoichiometry of reaction 


The incubation mixture consisted of 0.040 umole of dUMP 
(labeled with 80,000 ¢.p.m.); 0.16 wmole of dl,L-tetrahydro- 
folate; and enzyme (0.2 mg of protein) in 1 ml of Mixture I (Fig. 
1). The increase in absorbancy was measured at 340 my (25°). 
The reference cuvette contained all components except dUMP. 
At intervals, 20 ul were transferred to a spot on Whatman No. 3 
MM paper which contained 0.1 umole each of (UMP and dTMP. 
After 16 hours of ascending chromatography with a solvent of 
600 g of (NH,4)280,; 1 liter of 0.1 mM potassium phosphate buffer, 
pH 6.8; and 20 ml of n-propanol (10), dUMP (Rr, 0.55) and dTMP 
(Rp, 0.43) zones were cut out and direct counts made of their 
radioactivity with an end window detector. 


min mumole mymole 

10 0.100 19.2 0.89 
2 | 0.180 28.2 | 
30 0.211 33.0 33.4 0.99 
40 0.225 39.3 36.0 0.98 
50 35 | 
40.0 | 0.92 


j { 


* Calculated on the basis that A A at 340 my is +6.400 when 
1 umole of 5,10-methylenetetrahydrofolate per ml is converted 
to dihydrofolate (Fig. 1). Different molar'extinction coefficients 
have been reported for the folates. Blakley’s values (9, 12) were 
selected because the calculated increase of extinction at 340 mu 
during thymidylate synthesis agreed with that obtained when a 
known quantity of deoxyuridylate was made limiting. 

+t Calculated from the specific activity of P*-labeled dUMP. 
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as dihydrofolate by its absorption spectrum and its assay with 
purified chicken liver folate reductase and TPNH (14). The 
tetrahydrofolate formed by the reductase reaction was active in 
thymidylate synthesis. Approximately 0.8 to 0.9 umole of di- 
hydrofolate was recovered in tubes 62 to 78 on the basis of ab- 
sorbancy at 283 my and microbiological assay with Streptococcus 
faecalis (ATCC 8043) and folic acid as standard. No dihydro- 
folate could be detected when an incubation mixture in which 
deoxyuridylate had been omitted was subjected to column 
chromatography as described above. 

The oxidation of 5,10-methylenetetrahydrofolate was specifi- 
cally dependent on the presence of deoxyuridylate; other nucleic 
acid derivatives including uracil, deoxyuridine, and UMP were 
found to be ineffective (Table II). 5-Fluorodeoxyuridylate 
(15), but not fluorouracil, markedly inhibited the oxidation. Of 
special interest was the effectiveness of the tetrahydro deriva- 
tives of aminopterin and amethopterin (16) in blocking the 
oxidation, whereas aminopterin and amethopterin were not in- 
hibitory to the same extent. 

The new spectrophotometric method provides a very conven- 
ient way of assaying thymidylate synthetase activity, circum- 
venting the laborious manipulations previously required. It is 


comparable in sensitivity to most assays of DPN or TPN de- 
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TaBLe II 
Specificity and inhibition studies with thymidylate synthetase 


The reaction mixture consisting of 0.046 umole of dUMP, 0.16 
umole of di,L-tetrahydrofolate, and enzyme (0.2 mg of protein) 
in 1 ml of Mixture I (Fig. 1) was incubated at 25° for 40 minutes. 
The reference cuvette contained all components except dUMP. 


Increase of 
Incubation conditions absorbancy 
at 340 mp 
Formaldehyde omitted....................... 0.015 
Heated enzyme (2 minutes, 100°)............. < 0.005 
Complete system with various nucleic acid deriv- 
atives* substituted one at a time for dUMP.. < 0.005 
Complete system plus 
5-Fluorodeoxyuridylate, 5 K 10-7 M........... < 0.005 
§-Fluorouracil, § X 10-5 w.................... 0.300 
Aminopterin, 5 X 10-5 0.300 
Tetrahyvdroaminopterin,t 5 10-5 M.......... 0.050 
Amethopterin, 5 X 10-5 M.................... 0.240 
Tetrahydroamethopterin,f 5 X 10-5 m........ < 0.005 


* Nucleic acid derivatives (0.05 umole) tested were uracil, uri- 
dine, deoxyuridine, UMP, cytosine, cytidine, deoxycytidine, 
CMP, dCMP, thymine, thymidine, and dTMP. 

t We are grateful to Dr. R. Kisliuk for samples of tetrahydro- 
aminopterin and tetrahydroamethopterin. 


pendent dehydrogenases; the increase of the molar extinction 
coefficient at 340 my is almost identical with the increase of 
absorbancy when pyridine nucleotides are reduced. The method 
can be used with crude bacterial extracts which have been 
clarified by centrifugation at 100,000 g for 1 hour. 


REFERENCES 


1. FrreDKIN, M., aND KornsBera, A., in W. D. McELroy anp 
B. Guass (Editors), A symposium on the chemical basis of 
heredity, Johns Hopkins Press, Baltimore, 1957, p. 609. 

2. Humpureys, G. K., AND GREENBERG, D. M., Arch. Biochem. 
Biophys., 78, 275 (1958). 

3. FRIEDKIN, M.,in F. SroHLMAN (Editor), The kinettcs of cellu- 
lar proliferation, Grune and Stratton, Inc., New York, 1959, 
p. 97. 

4. FrRIEDKIN, M., Federation Proc., 18, 230 (1959). 

5. FrrepKIN, M., Federation Proc., 19, 312 (1960). 

6. McDovuGa.t, B. M., aNp BLak.Ley, R. L., Biochim. et Biophys. 
Acta, 39, 176 (1960). 

7. GREENBERG, D. M., Humpureys, G. K., aND Natu, R., Am. 
Chem. Soc. Division Biol. Chem., 27C, September, 1960. 

8. Kisiiuk, R. L., J. Biol. Chem., 227, 805 (1957). 

9. BLAKLEY, R. L., Biochem. J., 74, 71 (1960). 

10. Pabst Laboratories, Circular OR-10 (1956). 

11. FuTTerRMAN, 8., J. Biol. Chem., 228, 1031 (1957). 

12. BLaKLEY, R. L., Nature (London), 188, 231 (1960). 

13. Matuews, C. K., anp HuENNEKENS, F. M., J. Biol. Chem., 
235, 3304 (1960). 

14. OsBorn, M. J., AND HUENNEKENS, F. M., J. Biol. Chem., 283, 
969 (1958). 

15. Conen, 8S. 8., Fuaks, J. G., BARNer, H. D., Loes, M. R., AND 
LICHTENSTEIN, J., Proc. Natl. Acad. Soc., 44, 1004 (1958). 

16. Kistiuk, R. L., Nature (London), 188, 584 (1960). 


™m 


} 

SI 

a 

b 

a 

N 

S 

S 


N.; 
3, 


ND 


). 


March 1961 


Light-activated Hydrogenase Activity in 
a Photosynthetic Bacterium: A 
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K. Bost, Howarp Gest, AND JOHN G. ORMEROD 
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During the course of experiments designed to obtain evidence 
concerning the role of hydrogenase in photoproduction of molecu- 
lar hydrogen (1), we have observed a light-activated hydrogenase 
activity (with ferricyanide serving as electron acceptor) in intact 
cell suspensions of Rhodospirillum rubrum. Although this phe- 
nomenon superficially appears to represent an anaerobic varia- 
tion of the Hill reaction, the experiments summarized below 
indicate that the light activation is due to a permeability change 
induced by photometabolism. 

Rhodospirillum rubrum (strain $1) was grown in a medium 
containing, per liter of deionized water: KH.PO,, 600 mg; 
K,HPO,;, 900 mg; MgSO,-7H.O, 200 mg; CaCl.-2H.O, 75 mg; 
FeSO,:7H.O, 11.8 mg; trace element solution (containing per 100 
ml of deionized water: H;BO;3, 280 mg; MnSO,-4H.0O, 210 mg; 
Na.»MoOQ,-2H.O, 75 mg; ZnSO,-7H.O, 24 mg; Cu(NO3)2-3H.0, 
4 mg), 1 ml; ethylenediaminetetraacetic acid, 20 mg; biotin, 15 
ug; DL-malic acid, 6 g; and either (NH,4).SO,, 1.25 g or pL-glu- 
tamic acid, 2 g. The pH of the medium was adjusted to 6.8 
with NaOH before autoclaving. 

Stock liquid cultures were grown photosynthetically in 15-ml 
screw-cap test tubes, completely filled with a medium similar to 
that specified above, but containing 2 g of pL-malic acid and 0.5 
g of (NH,4)2SO, per liter; the cultures were transferred every 24 
hours with a 10% inoculum. A 1% inoculum of 24-hour-old 
cells was used to initiate growth in larger scale cultures in Roux 
bottles (or Erlenmeyer flasks), with 5% COs in helium as the gas 
phase. The latter cultures were illuminated (Lumiline bulbs; 
light intensity, 600 foot-candles) at a temperature of approxi- 
mately 25° and the cells were harvested when the turbidity, as 
measured in the Klett-Summerson colorimeter (66 filter), was 
between 600 and 700 units (usually about 48 hours after inocu- 
lation). For manometric experiments, the cells were resus- 
pended (without washing) in a solution identical to the growth 
medium, but containing neither biotin nor the nitrogen and car- 
bon sources, to give a concentration corresponding to 10 mg of 
dry weight per ml. 

Broken cells and cell-envelope preparations were made by 
shaking with “‘Ballotini’” beads in the Mickle disintegrator (2). 
The Mickle vessels containing the suspensions were evacuated 
and subjected to vibration for 7 minutes. Practically 100% 
breakage occurred under these conditions. 

Fig. 1A illustrates the effect of illumination on hydrogenase 
activity of intact cells with several concentrations of ferricyanide. 


* This investigation was supported by research grants from the 
National Institute of Allergy and Infectious Diseases, United 
States Public Health Service (Grant No. E-2640) and the National 
Science Foundation. 
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Fig. 1. Effect of light and ferricyanide concentration on hydro- 
genase activity of intact cells of R. rubrum. The Warburg vessels 
contained, in the main compartment: 1 ml of cell suspension, 0.5 
ml of 0.5 mM potassium phosphate buffer, pH 6.8, and sufficient 
water to give a final volume of 2.0ml. The center well contained 
0.1 ml of 20% KOH and a folded filter paper. Gas phase, H2; 
temperature, 30°. Exposure to light is indicated by L (light 
source, two 60-watt Lumiline bulbs mounted parallel and as close 
together as possible, at a distance of 5 cm from the bottom of the 
vessels); darkness by D. A. Cells grown with glutamate as nitro- 
gen source; ferricyanide solution added at zero time from the side 
arm to give the concentrations indicated. B. Cells grown with 
(NH,)2SO, as nitrogen source; in both J and II, ferricyanide was 
added in two portions to give the concentrations indicated at the 
times shown by the arrows. Vessel I was illuminated from zero 
time until 165 minutes; vessel II was kept in darkness until 165 
minutes. 
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A marked dependence on light is observed when the electron ac- 
ceptor is present at a concentration of 0.026 mm. As the ferri- 
cyanide concentration is increased above 0.04 mm, the rate of H, 
utilization in the dark becomes enhanced and the stimulatory 
effect of light less pronounced. With 0.075 mm ferricyanide, 
illumination has no effect on the rate of hydrogen uptake. In 
some experiments, a relatively small acceleration due to light has 
been noted with the latter concentration. It may be noted that 
molecular hydrogen is not utilized in light or dark by intact cell 
suspensions, prepared as described, in the absence of ferricya- 
nide. 

The results shown in Fig. 14 suggest that a permeability 
barrier in the dark can be overcome by increasing the concentra- 
tion of electron acceptor and that illumination causes a qualita- 
tively similar effect, detectable with lower levels of ferricyanide. 
From Fig. 1B it can be seen that light-activated hydrogenase 
activity is enhanced by increasing the ferricyanide concentration, 
over the range indicated, during the course of the reaction. In 
Curve I, the cells were exposed to light in the presence of 0.015 
mM ferricyanide until 110 minutes. Increase of the ferricyanide 
level to 0.0375 mM at this point caused an immediate increase in 
rate of H, utilization. At 165 minutes, the vessel was placed in 
darkness; H, consumption continued in the dark at a reduced, but 
comparatively rapid rate. It is apparent that the activating 
effect of light under these conditions persists to a considerable 
extent during a subsequent dark period. Ferricyanide was added 
to the control vessel (Curve II) at the same times indicated for 
Curve I, but the cells were kept in darkness until 165 minutes. 

Further evidence for the view that light activation of hydro- 
genase action is due to an effect on permeability was provided 
by experiments with (a) cells treated with a cationic detergent 
known to increase permeability (3, 4), (6) cell-envelope prepara- 
tions, and (c) broken cells and cell-free extracts. In contrast 
to untreated organisms, cells previously incubated for approxi- 
mately 15 minutes with cetyltrimethylammonium bromide (250 
we per ml) show a high rate of H, utilization in darkness with 
0.0375 mm ferricyanide and the activity is not significantly in- 
creased by illumination (Fig. 2). It also can be seen from Fig. 
2 that 2,4-dinitrophenol (10-* mM) markedly inhibits the light- 
activated hydrogenase activity of intact cells, but has no appre- 
ciable effect on the activity of organisms treated with cetyltri- 
methylammonium bromide. 

A previous study (5) suggested that hydrogenase activity (with 
ferricyanide and dyes) in cell-free extracts of R. rubrum is local- 
ized in the particulate fraction usually designated as chromato- 
phores. There is good evidence (6, 7) indicating that the latter 
are not discrete intracellular entities, but are intimately associ- 
ated with the cytoplasmic membrane (or the cell envelope). 
Such membranous structures, which in the case of R. rubrum are 
capable of photophosphorylating ADP (6), are known to be 
readily disintegrated by drastic procedures such as sonic oscilla- 
tion (8, 9). It is therefore likely that chromatophore prepara- 
tions made by the methods now commonly in use contain a 
variety of fragments derived from the cell envelope. Several 
investigators (9, 10) have provided evidence that hydrogenase in 
certain other gram-negative bacteria is localized in the surface 
integument. Cell-envelope preparations of R. rubrum obtained 
by shaking cells in the Mickle apparatus similarly manifest a 
high level of hydrogenase activity with 0.0375 mm ferricyanide. 
The activity of such preparations is not influenced by light; 
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Fic. 2. Effects of light, cetyltrimethylammonium bromide, and 
2,4-dinitrophenol on hydrogenase activities in intact and broken 
cell preparations. The hydrogenase activities of ammonia-grown 
cells with 0.0375 mm ferricyanide were measured under the con- 
ditions described in the legend of Fig. 1. Cetyltrimethylam- 
monium bromide, 250 ug per ml; 2,4-dinitrophenol, 10-3 m; broken 
cells, equivalent to 10 mg dry weight of intact cells. 


similar results are observed in unfractionated Mickle extracts 
(Fig. 2). It is presumed that subcellular systems of this kind 
do not retain the property of selective permeability. Cell-free 
extracts of R. rubrum made by grinding with alumina also show 
identical hydrogenase activity in light and dark in comparable 
tests. 

We interpret the foregoing observations to indicate that per- 
meability of intact cells of R. rubrum to low or moderate concen- 


‘trations of ferricyanide requires an energy source, presumably 


ATP, rapidly generated by photophosphorylation or much more 
slowly by dark fermentation of endogenous reserve materials. 
It seems possible that light-induced permeability changes may 
also be implicated in other phenomena now presumed to be 
directly dependent on or influenced by light, particularly in 
highly organized photosynthetic systems such as intact algal cells 
or green plant chloroplasts. 
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Neutral Plasmalogens Analogous to the 
Neutral Triglycerides* 
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Intimations of the existence of nonphosphatide aldehydogenic 
lipids have been reported (1, 2). Evidence has now been ob- 
tained that neutral plasmalogens do exist, contain a vinyl] ether 
linkage, and are analogous to the neutral triglycerides. The 
structure suggested by the present data and by analogy with the 
plasmalogen phosphatides is as follows (3, 4): 


CH:—O—CH=CH—R;, 
R:—C—0—CH 
O CH.—O—C—R; 


where Ri, Re, and R3; are long chain alkyl groups. 

Total lipids were extracted with chloroform-methanol from the 
digestive glands of Asterias forbesi, the common starfish (2). 
Phosphatides were removed by precipitation with acetone and 
magnesium chloride until the phosphorus content of the neutral 
lipid fraction was 0.01%. The neutral lipids were studied (cf. 
(5)). 

Color Reactions—The total neutral lipid or its unsaponifiable 
fraction yielded, by a modified Feulgen-Grunberg method (2), 
a purple color extractable into carbon tetrachloride, indicative of 
the presence of long chain fatty aldehydes. Aldehyde (calcu- 
lated as palmitaldehyde) constituted 0.94% of the neutral lipid. 

A sensitive spot test for mercuric salts with diphenylcarbo- 
hydrazide has previously been applied to the examination of 
vinyl ether phosphatides (6). Samples of the neutral lipid or 
unsaponifiable fraction on filter paper gave a positive test, and 
the presence of an a@-vinyl ether is thus implied (6). This con- 
clusion is supported by the fact that the test became negative 
when the lipid was pretreated by incubation with 90% acetic 
acid at 40° for 1 hour (6), by treatment for 5 minutes with 0.09 
M aqueous iodine solution (6), or by immersion on paper for 10 
minutes in a mild methanolic iodinating reagent specific for the 
iodination of vinyl ether bonds (38). 

Evidence for a Vinyl Ether of Glycerol in Unsaponifiable Frac- 
tion—A sample of the unsaponifiable fraction (which was free 
from phosphorus) was treated with 95% acetic acid containing 
0.7% HgCl, at 37° for 1 hour. The reaction mixture was parti- 
tioned between water and ether, and mercury was removed from 
the aqueous fraction with hydrogen sulfide. Aliquots of this 
fraction were chromatographed on paper with n-butanol-acetic 
acid-water, 5:1:2 (7), or n-butanol-ethanol-water, 40:11:19. 
The chromatograms were sprayed with ammoniacal silver and 
heated to yield spots with Rp values of 0.39 and 0.44, respectively. 


*Supported by a grant from the National Multiple Sclerosis 
Society, and the Eugene Higgins Trust through Harvard Uni- 
versity. 
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Authentic samples of glycerol gave identical Re values in the 
two solvent systems. 

Although establishment of the position of the proposed vinyl] 
ether link on the glycerol moiety would not be conclusive with 
alkali-treated material, the following data are suggestive. Peri- 
odate oxidation of a glycerol ether with the vinyl group in the 
a position under neutral or alkaline conditions should yield a 
vinyl ether of glycolaldehyde, susceptible of cleavage to yield 
glycolaldehyde. A sample of the unsaponifiable fraction in etha- 
nolic solution was oxidized with periodic acid in the presence of 
quinoline or diethylamine (cf. (2)) and the reaction mixture was 
extracted with ether. The ether-soluble substance, after re- 
moval of solvent, was treated with acetic acid and HgCl, and 
partitioned between ether and water. Glycolaldehyde was de- 
tected in the aqueous layer colorimetrically by the method of 
Dische and Borenfreund (8) and by paper chromatography as 
above. Spots were obtained with an Rp value of 0.60 in both 
solvent systems mentioned, the value given by glycolaldehyde 
itself. Glycolaldehyde was barely detectable when the acetic 
acid hydrolysis step was omitted. Thus, most of the aldehy- 
dogenic component of the unsaponifiable fraction apparently 
has the vinyl ether link attached to the a-carbon of glycerol. 
The presence of only a trace of chromatographically detectable 
glycerol in this experiment suggests that little or no 6-linked vi- 
nyl ether or compounds with an acetal structure (cf. (9)) are 
present. 

Effect of Hydrogenation—Catalytic hydrogenation of the neu- 
tral lipid, which decreased the iodine number from 110 to 19, 
rendered the above color tests negative. Further, the release of 
glycerol from the unsaponifiable fraction by gentle acid hydroly- 
sis was diminished to a trace. 

Chromatographic and Analytical Data on Native Neutral Lipid 
—The neutral lipids were subjected to reverse phase paper chro- 
matography by the method of Michalec (10). Components were 
detected on the paper by standard means. In model mixtures, 
triolein had an Rp of 0.24, and cholesterol stearate 0.05. Stear- 
aldehyde moved in the range 0.47 to 0.65. Monoglycerides and 
batyl alcohol moved with the front, as unesterified glycerol- 
vinyl ethers presumably would. 

Three fuchsin-positive substances were detected in the star- 
fish neutral lipid. Substance I had an Rp of 0.05 to 0.10, Sub- 
stance II lay between 0.22 and 0.35, and Substance III lay at 
0.56 to 0.66. Most of the aldehyde-positive material was con- 
tained in Substance I. The nature of Substance II is as yet un- 
known. Substance III is believed to be free fatty aldehyde, by 
analogy with the movement of stearaldehyde. 

Substance I was eluted and fractionated further on a silicic 
acid column (11) (Column 1). The first fraction, eluted with 
n-heptane, removed paraffin oil with which the paper had been 
impregnated in the preceding paper chromatograms (Eluate 
Ai). Diethyl ether (1%) in n-heptane was used to elute sterol 
esters (Eluate B,). Diethyl ether (4%) in n-heptane removed 
the aldehydogenic substance and a-glycerol ether diesters of the 
batyl group (Eluate C,). Eluate C, was concentrated to dryness 
on a rotary evaporator at 30 to 35° and analyzed for ester groups 
(12) and aldehydogenic substances (13). An aliquot was sapon- 
ified, and the alcoholic reaction mixture was diluted with water 
and extracted with ether. The aqueous and ether-soluble frac- 
tions were examined for a-glycols by periodate oxidation and 
determination of resulting formaldehyde by methods previously 
described, reduced in scale (14). A sample of the ether-soluble 
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TaBLe [ 
Analysis of chromatographic fractions of neutral lipid 


1 Column 2 
Eluate Eluate | Eluate 
Ci C2 Dz 
pmoles | pmoles | umoles 
1. Fatty acid ester groups................. 150.0 | 56.1 | 1.74 
3. a-Glycols after saponification (as 
HCHO) | 
(a) Organic phase (unsaponifiable)....; 27.3 | 11.0 
(>) phase. 53.9 | 20.5 | 1.42 
4. a-Glycols after mild acid hydrolysis of 
(3a) above (as HCHO) : 


substance was also hydrolyzed with acid to split vinyl ethers 
(13). The products were partitioned between ether and water 
and a-glycols determined in each phase. 

Saponification released considerable amounts of glycerol (Table 
I, 3b). Thus Eluate C, from the silicic acid column apparently 
still contained some ester triglycerides. The ether-soluble frac- 
tion contained glycols which yielded on acid treatment a water- 
soluble glycol shown above to be glycerol (Table I, 4b). If it is 
assumed that the glycols of the unsaponifiable fraction were 
originally esterified by two fatty acids and that the glycerol of 
Table I, 3b was esterified by three fatty acids, one accounts for 
91% of the fatty acid ester groups of Eluate C;. From the un- 
saponifiable fraction, 1.1 moles of glycerol were released by acid 
hydrolysis per mole of plasmalogen (measured as fatty aldehyde 
(13)) in Eluate C, (Table I, 2 and 4). | 

It was reasoned that mild acid hydrolysis of Eluate C, with- 
out prior saponification should release a diglyceride. A sample 
of Eluate C, was subjected directly to hydrolysis according to 
Kiyasu and Kennedy (15), and the products were partitioned 
between ether and water. The ether-soluble material was re- 
chromatographed on silicic acid as above (Column 2). Three 
eluates were analyzed. These were Eluates Be, and C:, defined 
as for Column I, and Eluate D., diethyl ether, which removed 
diglycerides. The behavior of free fatty aldehydes (stearalde- 
hyde) and diglycerides (diolein) on this column had previously 
been established with model mixtures. Free fatty aldehyde was 
found to be present in Eluate B.. Of the ester fatty acids of 
Eluate C2, 94% were accounted for, determined as for Eluate 
C,;. Eluate D, contained 1.74 uwmoles of fatty acid ester groups. 
An aliquot of Eluate D2 was saponified and 1.71 wmoles of fatty 
acids were recovered, measured titrimetrically (16). After ex- 
traction of fatty acids, 1.42 umoles of formaldehyde, correspond- 
ing to 0.71 umole of glycerol, were recovered in the aqueous 
saponification mixture. A fatty acid to glycerol ratio of 2.4 was 
thus obtained for Eluate De. Recovery of glycerol in the manip- 
ulations of the minute amounts of substance available might 
not have been complete, thereby resulting in the high ratio ob- 
tained. The position of Eluate D2 on Column 2, and the fact 
that a sample of this eluate examined by chromatography on 
siliconed paper (17) moved identically with a sample of authen- 
tic diolein (Rp 0.43) further indicate that it is a diglyceride. 

After this work was completed, nonphosphatide aldehydogenic 
lipids were reported in the unsaponifiable fractions of milk fat, 
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beef tallow, and oxheart lipids (19). These substances are ap- 
parently derived from native neutral plasmalogens. The data 
concerning aldehydogenic lipids of unsaponifiable fractions in 
both studies are in agreement. A wide distribution of neutral 
plasmalogens in nature is suggested by the work so far reported. 

It appears that there is now evidence for three categories of 
glycerol-containing lipids which exist as neutral lipids or as phos- 
phatides: (a) conventional neutral triglycerides and glycerophos- 
phatides; (6) glycerol ethers saturated a@ to the oxygen bridge 
(e.g. batyl alcohol), existing as fatty acid diesters, and the cor- 
responding phosphatides (18); (c) fatty acid diesters of glycerol- 
vinyl ether (neutral plasmalogens), and the well known phos- 
phatide plasmalogens. Lipids of the batyl type might well be 
derived metabolically from the plasmalogens. 
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Phenoxazones represent a class of pigments which occur in 
insects (ommochromes) and microbial products (actinomycin, 
cinnabarin). Evidence, to date, suggests that tryptophan and 
certain of its metabolites play an important role in the biogenesis 
of these substances (1-5). Drosophila mutants, which lack the 
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Fic. 1. Structure of actinomycin IV(C,) 
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Fig. 2. Structure of 2-amino-phenoxazin-3-one-1,8-dicarbox- 
ylic acid; postulated product formed from HAA. 


phenoxazone eye pigment, xanthommatin, require kynurenine or 
3-hydroxykynurenine for its formation (1, 2). Incorporation of 
C'labeled tryptophan into the ommochromes formed by Vanessa 
urticae and Calliophora erythrocephala (3, 4) and the chromophore 
of the actinomycins synthesized by Streptomyces antibioticus (5) 
provides further evidence for the importance of this amino acid 
in phenoxazone formation. 

Degradation studies and chemical synthesis have indicated 
that 3-hydroxykynurenine is the immediate precursor of xan- 
thommatin (6, 7); moreover, in an analogous fashion, the actino- 
mycin chromophore can be prepared in almost quantitative yield 
from the oxidative condensation of two molecules of 3-hydroxy- 
4-methylanthranilic acid (8). 

Little enzymic evidence is available concerning the mechanism 
of phenoxazone biogenesis. Butenandt et al. (9) found that 
xanthommatin could be formed from 3-hydroxykynurenine in 
the presence of a tyrosinase preparation and 3,4-dihydroxy- 
phenylalanine. Inasmuch as 3-hydroxykynurenine, when used 
alone, was not oxidized by the tyrosinase preparation, it was sug- 
gested that an orthoquinone, formed from 3 ,4-dihydroxyphenyl- 
alanine by the action of tyrosinase, oxidized 3-hydroxykynurenine 
to the phenoxazone. It was proposed that xanthommatin may be 
formed in vivo by the same mechanism. Although phenoxazones 
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have not been found in mammalian tissues, their formation from 
aminophenols in the presence of a cytochrome c-cytochrome oxi- 
dase system has been reported (10-12). 

We have recently initiated studies on the biosynthesis of the 
actinomycins, a family of chromopeptide antibiotics (Fig. 1), and 
wish to report the finding that cell-free extracts, prepared from 
S. antibioticus, catalyze an oxidative condensation of 3-hydroxy- 
anthranilic acid and certain other o-aminophenols to form phen- 
oxazones. Moreover, with 3-hydroxy-4-methylanthranilic acid 
as substrate, it was possible, for the first time, to achieve en- 
zymic synthesis of the actinomycin chromophore. 

S. antibioticus was cultivated as previously described (13-15). 
The mycelium was harvested after 2 days of growth, at which 
time the actinomycin titer was between 35 and 50 ug per ml. 
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Fig. 3. Comparison of spectra (in 6 N HCl) of enzymically 
formed compound and synthetic 2-amino-phenoxazin-3-one-1,8- 
dicarboxylic acid. Curve 1, boiled enzyme control; Curve 2, 
enzymic incubation; Curve 3, synthetic material. 
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Fig. 4. Comparison of spectra (in 6 N HCl) of enzymically 


formed compound, after incubation of 4-methyl-HAA, with syn- 


thetic 


acid. Curve 1, synthetic compound; Curve 2, enzymic incubation. 
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The cells were washed 3 times with cold 0.9% NaCl solution, 
and 20 g of the moist cell paste were suspended in 40 ml of cold 
deionized water and disrupted by sonicating the suspension at 
10 ke for 15 minutes. The cell debris was then removed by cen- 
trifugation at 9000 x g for 20 minutes. The extract contained 
about 2 mg of protein per ml and could be kept for several weeks 
in the cold with very little loss of enzymic activity. It was 
stable to freezing and thawing and could be dialyzed overnight 
against dilute buffer, pH 6.5, with little loss of activity. 

The incubations were carried out in 3 ml cuvettes in a Beck- 
man model DU spectrophotometer in which the cuvette chamber 
was kept at 37°. The incubations contained between 0.001 and 
0.02 ml of cell-free extract, 2 umoles of HAA! or other o-amino- 
phenols, 250 umoles of sodium acetate buffer, pH 5.3, and water 
to a total volume of 3 ml. <A control cuvette, containing boiled 
cell-free extract, was used to correct for the slight nonenzymic 
oxidation of the aminophenols. The reactions could be followed 
by observing the increase in optical density in the 4380 to 455 mu 
region, characteristic of the phenoxazone nucleus. Under the 
conditions described, 0.01 ml of cell-free extract catalyzed the 
formation of between 0.04 and 0.06 umole of phenoxazone in 10 
minutes. The yellow produet formed from HAA could be puri- 
fied by extraction from the acidified incubation mixture into 
ether. It was tentatively identified as 2-aminophenoxazin-3- 
one-1 ,8-dicarboxylie acid (Fig. 2), by comparison with the syn- 
thetic compound prepared according to the procedure of Bute- 
nandt et al. (7). As shown in Fig. 3, the spectrum of the 
partially purified, enzymically formed material in 6 N HCl was 
identical with that of the chemically synthesized compound. 
It also had similar spectral characteristics in methanol, and be- 
haved in exactly the same way as the synthetic material when 
chromatographed on Whatman No. 1 paper in three selvent 
systems (propanol-water, 5:1; butanol-propanol-water, 1:2:1; 
and butanol-ethanol-water, 5:2:10). Incubation of 3-hydroxy- 
kynurenine resulted in the formation of a yellow compound with 
spectral characteristics similar to those reported by Butenandt 
(7) for xanthommatin. Other compounds which were found to 
be active as substrates (converted to yellow products) were 
o-aminophenol, 4-methyl-HAA, and its methyl ester. In the 
case of 4-methyl-HAA, the expected product would be actinocin 
(2-amino-4 ,5-dimethyl-phenoxazin-3-one-1 ,8-dicarboxylic acid), 
the chromophoric group of actinomycin, and the evidence so 
far obtained indicates that this is the case. The spectrum 
(Fig. 4) of the product obtained after incubation of 4-methyl- 
HAA is similar to that of the actinomycin chromophore, synthe- 
sized according to the procedure of Brockmann and Muxfeldt 
(8). Further identification was achieved by paper chromato- 
graphic comparison of the synthetic compound with the enzy- 
mically formed material, as described above. 

Further studies on the purification and properties of this en- 
zyme, as well as a more complete characterization of the products 
formed, are in progress. 
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Net Synthesis of Ribonucleic Acid with 
a Microbial Enzyme Requiring Deoxy- 
ribonucleic Acid and Four Ribo- 
nucleoside Triphosphates 
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Recent reports from this laboratory have described an enzyme 
system from rat liver which catalyzes the incorporation of ribo- 
nucleotides into the framework of ribonucleic acid (1, 2). This 
incorporation was shown to require the participation of all four 
ribonucleoside triphosphates. Inactivation of the enzyme sys- 
tem with small quantities of deoxyribonuclease pointed to a 
possible dependency of the reaction on intact deoxyribonucleic 
acid. Indeed, partial reactivation of the DNase-treated mam- 
malian preparations could be achieved by the addition of heated 
or unheated purified rat liver DNA.! This communication de- 
scribes some of the properties of a similar partially purified en- 
zyme from Micrococcus lysodeikticus which carries out the net 
incorporation of ribonucleotides into a polyribonucleotide frac- 
tion. 

* Operated by The University of Chicago for the United States 


Atomic Energy Commission. 
18. B. Weiss, unpublished results. 
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TABLE I 
Cofactor requirements of P%?-cytidylate incorporation 


The complete system contained 3 umoles of MnCl, 100 uwmoles 
of phosphate buffer at pH 7.5, 0.10 umole of CTP® (5.3 X 10° 
c.p.m. per umole), 1 wymole each of ATP, GTP, and UTP, 200 ug 
of calf thymus DNA, and 0.12 mg of enzyme. The final volume 
of the system was 1.0 ml. Rat liver RNA, 200 mg, and 1 umole 
each of the deoxyribonucleoside triphosphates and ribonucleoside 
diphosphates were used as described. The reaction was 
stopped after 20 minutes at 37° by the addition of 0.30 ml of 3 N 
HCIO,. Carrier yeast RNA, 2 mg, was added to each vessel. 
After 3 minutes at 0°, 2 ml of H.O were added, and the precipitate 
was collected by centrifugation. The acid-insoluble residue was 
washed three times by solution in 0.10 N NaOH and reprecipita- 
tion with 0.6 Nn HClO,. The final residue was suspended in 3 ml 
of 0.02 N NaOH, and 1 ml was dried for counting. 


mpmoles 

Complete: RNA in place of DNA.............. 0.03 
Complete: ADP, UDP, GDP in place of ATP, 

Complete: dATP, dGTP, dTTP in place of ATP, 


A 2% suspension of M. lysodeikticus, in 0.02 m phosphate 
buffer, pH 7.5, was incubated with crystalline lysozyme for 45 
minutes at 30°. The viscous, lysed preparation incorporated 
labeled nucleotides into an acid-insoluble fraction. This incor- 
poration was stimulated 4-fold when all four ribonucleoside tri- 
phosphates were also present in the incubation medium. Expo- 
sure of the lysed bacterial preparation to sonic treatment or to 
the action of DNase, resulted in a disappearance of this stimula- 
tory effect, as well as in a marked decrease in the viscosity of 
the extract. 

While this work was in progress, Stevens (3) and Hurwitz eé 
al. (4) presented evidence that extracts from Escherichia coli B 
catalyzed the incorporation of labeled ribonucleotides into RNA. 
This incorporation also required the presence of all four ribo- 
nucleoside triphosphates. Hurwitz et al. (4) further showed that 
their preparations were dependent on DNA for optimal activity. 

The partial purification of the M. lysodeikticus enzyme was 
effected by exposing the viscous lysate to sonic oscillation in a 
Raytheon 10 Ke sonic oscillator. The enzyme was precipitated 
by the addition of protamine sulfate and the precipitate was ex- 
tracted with 0.05 m phosphate, pH 7.5. This first extract was 
discarded. A second extraction was made with 0.20 m phosphate 
of the same pH, and this solution contained most of the enzyme. 
The pH of this extract was lowered to 5.4, and the precipitate 
which formed was collected and suspended in 0.02 m phosphate, 
pH 7.5. The enzyme was adsorbed onto calcium phosphate gel 
and removed again by washing the gel with 0.20 m phosphate 
of the same pH. Extracts so prepared had a ratio of absorbancy 


— at 280 to 260 mu of about 1.4, and were used as the source of 


enzyme in the work reported here. 
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The partially purified bacterial preparation catalyzes the in- 
corporation of radioisotope from CTP, labeled in the ester phos- 
phate only, into a fraction containing RNA (Table I). This 
incorporation shows nearly an absolute requirement for the pres- 
ence of ATP, GTP, and UTP as well as for DNA. The reaction 
is specific for the ribonucleoside triphosphates. Substitution by 
the corresponding diphosphates or the deoxynucleoside triphos- 
phates results in a marked reduction of isotope incorporated. 
Table I also illustrates that equivalent amounts of RNA cannot 
replace the DNA requirement. The system is completely de- 
pendent upon the addition of certain divalent metal ions: man- 
ganese and cobalt can activate the enzyme; magnesium is ap- 
proximately one-third as effective. The product of the bacterial 
enzyme reaction resembles RNA in that it is (a) acid-insoluble, 
(6) nondialyzable, (c) sensitive to RNase but not DNase, and 
(d) hydrolyzed by alkali. Alkaline hydrolysis yields 2’- and 
3’-nucleoside monophosphates, of which all four mononucleo- 
tides are labeled. 

In addition, the M. lysodeikticus enzyme, incubated with the 
four ribonucleoside triphosphates and DNA, catalyzes the net 
incorporation of ribonucleotides into the acid-insoluble and al- 
kali-sensitive material (Table II). During the course of incu- 
bation with the complete system, the amount of alkali-sensitive 


TABLE II 


Net incorporation of ribonucleotides into a RNA fraction catalyzed 
by M. lysodetkticus enzyme 

The complete system contained 60 umoles of MnCl., 2 mmoles 
of phosphate buffer, pH 7.5, 20 umoles of CTP* (2.26 X 105 c¢.p.m. 
per umole), 20 umoles each of ATP, UTP and GTP, 4 mg of calf 
thymus DNA and 9.8 mg of M. lysodeikticus enzyme, in a final 
volume of 20 ml. UTP and DNA were omitted where indicated. 
Both of these components were added back to the appropriate 
vessels after the reaction was stopped. DNA was exposed to 10 
minutes of sonication in a Raytheon 10 ke sonic oscillator. Of 
this material, 4 mg replaced the untreated DNA as indicated. 
After 25 minutes at 37°, the reaction was stopped with 4 ml of 
cold 3 N HClO, and placed in ice. The residue was collected and 
washed four times in a manner similar to that described in Table 
I. The final washed residue was suspended in 2 ml of 1 Nn KOH 
and incubated at 37° for 20 hours. Each vessel was neutralized 
with 70% HClO, at 0°, and sufficient excess was added to lower 
the pH below1. The precipitate was centrifuged, and the super- 
natant fluid was saved. The precipitate was washed twice with 
0.50 ml of 0.10 n HClO,. The combined supernatant and wash 
fluids were analyzed for radioactivity, optical density, and total 
phosphate. 


Total 


A 

To- 
Optical 
incor- | den- | density AP; 
porated| sity | units . 


Additions 


pmoles 
Complete (zero time)............. 0} 4.67; 0.00 0.53 0.00 
Complete: DNA sonicated........ 19,300; 
34 ,400'11 .50|-+6.83 1.26-+0.73 


* Total optical density measurements were made at Az6o in a 
Zeiss spectrophotometer. 

+t Total phosphate were determined by the method of Fiske and 
SubbaRow (5). 
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material located in the acid-insoluble fraction is approximately 
doubled. Omission of one nucleotide (UTP) or DNA prevents 
a net increase. In another experiment, a similar inhibition was 
obtained when GTP alone was omitted. Exposure of DNA to 
sonic oscillation, before its addition to the reaction mixture, re- 
duces by nearly 50% the amount of ribonucleotide incorporated. 
This evidence strongly suggests that net RNA synthesis was 
achieved. 
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